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PETROLOGICAL CALCULATIONS 
IN METASOMATIC PROCESSES 


ARIE POLDERVAART 


ABSTRACT. Petrological calculations in metasomatic processes are critic- 
ally reviewed. The six analyses of the Stavanger metamorphic series of 
Norway are used as examples in different methods of calculation. The 
application of the so-called law of equal volume to all cases of metasomatic 
changes in composition is questioned. A new method is suggested in which 
the number of (Si,Al)O, tetrahedra is assumed to remain constant. In 
terms of mineralogy and petrology this is believed to have more meaning 
than the assumption of constant volume. 


INTRODUCTION 


| ggg has been defined by Lindgren (1933, 
p. 91) as “the process of practically simultaneous .. . 
solution and deposition by which a new mineral of partly or 
wholly differing . . . composition may grow in the body of an old 
mineral or mineral aggregate.” It follows that metasomatic proc- 
esses take place in the presence of a fluid phase—water—which 
acts as a solvent. The amount of pore fluid present in metasoma- 
tism is believed to vary, from the small fraction represented by 
“the intergranular film” to ten per cent or more of the total vol- 
ume. Lindgren also distinguishes between (1) metasomatic 
changes proceeding in free crystals or loose aggregates where the 
force of crystallization can easily overcome the retaining pres- 
sure, and (2) metasomatic changes proceeding in rigid rocks 
where the rew mineral makes room for itself by solution of the 
host mineral. In the first case there is a relatively large amount of 
pore fluid and metasomatism is accompanied by volume changes, 
while in the second case the amount of pore fluid is very small 
and the volume remains constant. The so-called law of equal 
volume has become the basis for all petrological calculations of 
metasomatic changes in bulk composition, even when there is 
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good reason to believe that changes in volume did occur during 
the process. Such calculations are especially important in de- 
termining compositional changes in metamorphism and graniti- 
zation, i.e., for rocks which consist predominantly of silicates. 


In this paper the various methods of calculation are re- 
viewed particularly as applied to silicate rocks. Silicates pos- 
sess a special type of structure in which (Si, Al)O, tetrahedra 
act as fundamental building blocks. Different structures and 
hence different minerals result from a different arrangement 
of these blocks and the occupation of the interstitial spaces by 


different cations. Thus it is suggested that a more realistic 
approach to the problem is obtained by assuming that during 
metasomatism of silicate rocks the number of (Si, Al)O, tetra- 
hedra remains approximately constant. 

The classic metamorphic series of the Stavanger region of 
Norway (Goldschmidt, 1920) is used throughout as example, 
also because this series has been quoted repeatedly in the recent 
literature (Reynolds, 1946; Chao, 1951; Joplin, 1952). Table 1 
gives the original data. These have been recalculated to 100 
per cent after subtraction of certain constituents listed in 
table 2,' while the specific gravity values have also been cor- 
rected. H,O~ has been subtracted, but H,O* is retained in 
the recalculated analyses, the assumption being that H,O* 
represents water chemically bound in the rockforming minerals. 
There is good reason to believe that this is not true (Faber, 
1941), but probably the error in thus regarding H,O* is less 
than that introduced in recalculating the analyses on an an- 
hydrous basis. This emphasizes the great need for a chemical 
method whereby H,O which enters into the composition of 
rockforming minerals can be accurately determined and dis- 
tinguished from absorbed water. The results are given in ta- 
ble 3, and these data are used throughout in the following 
calculations. 


CALCULATIONS BASED ON CONSTANT VOLUME 


In the most generally used method of calculating changes 
in composition during metasomatism the analyses are recal- 


1 Subtraction of these constituents is of course not essential, but this has 
been done to give a more uniform and simplified statement of the six 
analyses. 
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TABLE 1 


The Stavanger Metamorphic Series; Original Data 


3 


60.62 
18.50 
1.32 
5.65 
07 
2.42 
1.66 
1.81 
4.02 
2.92 
17 
.08 


100.02 100.24 100.09 100.05 100.05 


2.798 2.862 2.838 2.814 2.812 


100,44 


2.777 


Quartz-muscovite-chlorite phyllite. 
Quartz-muscovite-chlorite-garnet phyllite. 
Quartz-muscovite-biotite-garnet phyllite. 
Quartz-muscovite-biotite-garnet schist. 
Quartz-muscovite-biotite-garnet mica-schist. 
Albite porphyroblast schist. 


TABLE 2 


Material Subtracted in Recalculating Analyses 
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1 2 | 4 5 6 
SiO, .. . 58.32 57.29 62.40 64.35 64.70 
.. 98 97 81 59 
CS ae 20.00 20.60 16.27 16.54 15.45 
ee 2.01 2.40 1.44 2.24 1.36 
ae 4.98 5.48 5.78 3.92 4.18 
.22 Al 35 14 05 
MgO . : 1.85 1.76 2.19 2.04 1.48 
CaO .. seve 66 37 2.07 2.04 2.92 
10 10 07 ll 10 
OS: 1.26 1.40 2.28 2.00 3.09 
oO .. oe 4.49 4.30 3.16 3.82 3.46 
nwo. ; 4.05 4.00 2.25 1.73 1.82 
05 16 12 15 
15 14 16 17 19 
A3 05 52 13 85 
06 ll 05 04 05 
Sp. gr. . 
1. 
2. 
3. 
4. 
5. 
6. 
1 2 3 4 5 6 
FeS, 13 21 ll .08 ll 
CaCO 93 ll ny 1.18 30 1.93 
H.O- . 05 05 17 16 12 5 
1.52 1.18 .28 1.52 42 2.19 
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TABLE 3 


Recalculated Analyses 


15 ‘ d 16 ° 19 


100.00 100.00 100.00 100.00 x 100.00 


Sp. gr. . 2.756 2.828 2.830 2.771 2.800 2.716 


culated to represent compositions of 100 cc. rock.* The data 
are then compared with one another to determine additions 
and subtractions of material. Table 4 lists the results as ap- 
plied to the Stavanger metamorphic series, while additions and 
subtractions between successive pairs of members of the series 
are given in table 5. It may be seen that no single constituent 
varies in the same manner throughout the series, but that any 
constituent may show gains in one or more pairs of rocks and 
losses in the next paired analyses. 

Additions and subtractions are sometimes represented in 
percentages (Reynolds, 1943), and this has been done on an 
anhydrous basis in table 6. In the writer’s opinion such repre- 
sentations are of little use and add no further information to 
the problem. Speculations regarding the composition of the 
pore fluid during the various metamorphic intensities can be 
drawn as well from table 5 as from table 6. Comparisons of 
the data of table 6 with compositions of magmas are probably 
unjustified and misleading. The time element is completely dis- 


2 In this method, and in others described later, sp. gr. data of rocks are 
used. It is doubtful whether the sp. gr. of a rock is generally determined 
with the same care and precision as is expended on its chemical analysis. 
A plea is here made for greater accuracy in the determination of this 
important physical constant of rocks. 


7" 
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SiO, 59.21 57.85 60.74 63.34 64.59 65.86 
TiO, 99 .98 80 82 70 60 
Al,O, 20.31 20.81 18.54 16.51 16.60 15.73 
Fe,O, 2.04 2.42 1.32 1.46 2.25 1.38 
FeO ; 4.99 5A4l 5.60 5.83 3.93 4.19 
MnO 22 Al OT 36 14 05 
MgO 1.88 1.78 2.42 2.22 2.05 1.51 
CaO... 16 31 1.66 1.43 1.88 1.87 
10 10 ll 10 
Na,O . 1.28 141 1.81 2.31 2.01 3.15 
K.O . 4.56 4.34 4.03 3.21 3.83 3.52 
H.O* 4.11 4.04 2.93 2.28 1.74 1.85 
P.O, 
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TABLE 4 


Compositions of 100 cc. Rock 


3 + 


163.18 163.60 
2.77 
58.85 
6.84 
15.30 
1.16 
5.03 
88 
28 
3.99 
12.27 
11.43 
40 


171.89 
2.26 
52.47 
3.74 
15.85 
6.85 
4.70 


175.52 
2.27 
45.75 


5.12 
11.40 
8.29 
23 


275.60 282.80 283.00 277.09 279.99 271.61 


TABLE 5 


Additions and Subtractions* 


.28 
87 
3.14 
17 


15.41 


12.27 


— 


2.51 
1.97 


12.64 


10.67 


11.60 


11.60 


2.93 
15 
04 


3.50 


3.35 


11.88 


11.88 


*(+ ) and (—) symbols at top of columns indicate respectively additions 


and subtractions. 
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‘ 
180.85 178.88 
1.96 1.63 
Al,O 46.48 42.72 
4.05 6.30 3.75 
ere 16.15 11.00 11.38 
MnO 1.00 .39 14 
6.15 5.74 4.10 
3.96 5.26 5.08 
19 31 27 
8.89 10.72 9.56 
6.32 4.87 5.02 
44 48 52 
+ — + + + + 
7.66 A6 15.61 6.73 8.70 
Less 
H,O* 7.56 A6 15.61 6.73 7.25 


SiO, 
Tio, 
ALO, 
Fe,O, 
FeO 
MnO 
MgO 
CaO 
BaO 
Na,O 
K.O 
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regarded in these speculations. Subtraction of, e.g., 5 per cent 
MgO does not mean that the resulting solution contained 5 
per cent MgO, but that probably very dilute solutions in time 
removed 5 per cent MgO from the rock. Only the final results 
are observed in terms of rocks, and not in terms of pore fluids. 


TABLE 6 


Additions and Subtractions in Percentages 
(on a Dry Basis) 


5.56 
53 
38.10 
16.14 
20.49 


100.00 100.00 100.00 100.00 100.00 


100.00 100.00 100.00 100.00 


Joplin (1952) uses a slightly different method of calculation 
in which the rock exhibiting the lowest metamorphic grade 
is taken as standard and the percentages of the other analyses 
are multiplied with a factor reflecting the percentage increase 
or decrease in specific gravity as compared with that of the 
standard sample. The results of these calculations are listed 
in table 7. The present writer considers that there is no 
advantage in this manner of calculation instead of the more 
generally used method described above. The results of the 
calculations are ratio numbers and therefore less precise in- 
formation is obtained by this method. 


A third method has been seldom used (e.g., Ellis, 1947), 
probably because it requires more involved calculations and 
hence is more time-consuming. However, the use of a calculating 
machine largely alleviates the tediousness of the various com- 
putations. The atomic proportions are first calculated (table 


+ = + + - + = 

52.00 ..... 62.98 B1.66 

7128 .... 782 S89 ..... ..... 841 210 

32.61 11.66 .....  ..... 686 ..... 566 ..... 13.80 

| 
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TABLE 7 


Equivalent Sp. Gr. Calculations 


59.21 62.37 
99 82 
20.31 19.04 
2.04 1.36 
4.99 5.75 
22 
1.88 
16 
10 
1.28 
4.56 
4.11 


15 


100.00 102.61 102.69 100.53 


8). H,O* is reckoned as 2(OH)"', the additional O being 
subtracted from the total oxygen proportion.* A conversion 
factor X is next found by dividing the specific gravity of the 


rock by 166.04( ): Multiplying the atomic 


Avogadro number 


proportions with the conversion factor finally gives the number 
of different atoms in 1 cc. of rock (table 10). The number of 
atoms added and subtracted in comparing rock pairs is given in 
table 11. Weights may be obtained from these figures by multi- 
plying with the weight of the respective atoms. The sum of the 
weights of atoms should, of course, equal the specific gravity 
of the rock. 


3The procedure followed here is slightly different from that normally 
used, in that H,O* is reckoned as 20H~-1 and newer and more accurate 
physical constants are employed. 


*Avogadro number and atomic weights from Handbook of Chemistry 
and Physics, 33rd ed., 1951-1952; ionic radii from Ahrens (1952). 
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63.68 65.62 64.91 
82 7 59 
Al.O 16.60 16.87 15.50 
1.47 2.29 1.36 
ee 5.86 3.99 4.13 
36 14 05 
2.23 2.08 1.49 
1.44 1.91 1.84 
ee 2.32 2.04 3.10 
3.23 3.89 3.47 
eee 2.29 1.77 1.82 
14 08 16 AT 19 

101.59 98.55 
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TABLe 8 


Atomic Proportions 


l 2 


.9858 1. d 1.0754 

.0125 .0123 

3984 4082 

0256 .0304 

.0753 

.0082 .0058 

.0466 0441 

.0029 .0055 

.0007 

0454 

.0968 .0922 

4568 4458 

.0022 .0020 .0022 
2.8299 2.8141 2.8567 2.8873 2.9199 


for OH 2.6015 2.5897 2.6939 2.7606 2.8232 


TAaBLe 9 


Physical Constants 


Avogadro number: 6.0228 x 


—lIon. rad.— —Ion. vol.— -—Wt. 1 atom— 
Element (A) 4.19 r3 At. wt. (gms) 


0.42 0.31 28.06 46.60 x 10-24 
0.68 1.32 47.90 79.55 
0.51 0.56 26.97 44.80 
0.64 1.10 d 92.76 
0.74 1.70 5.8! 92.76 
0.80 2.15 9 91.21 
0.66 1.20 . 40.39 
0.99 4.07 x 66.56 
1.34 10.08 228.10 
0.97 3.82 2.98 38.18 
1.33 9.86 9.08 64.94 
1.40 11.48 17.008 28.24 
0.35 0.18 30.98 51.44 
1.40 11.48 16.000 26.57 
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Ti 1.0966 
Fe*3 ... .3086 
Fe*2 . .0172 
.0375 
.0333 
.0007 
K -1016 
OH" 
.2056 
0026 
2.9221 
Less O 
2.8193 
Ti*4 
Fe*3 
Fe*2 
Mn*2 
Mg*? 
Cavs .. 
Ba‘? .. 
Na‘! . 
OH-1 
Ps .. 
O-2 
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TaBLe 10 


Number of Atoms in 1 ce. Rock 


1 2 3 4 5 6 


1.66x 1022 1.70x1022 1.70x 1022 1.67x 1022) 1.69x1022 1.64x 1022 


4.316x 1022 4410x1022 4.590x 1022 4.605x 1022 4.760x 1022 4.610 x 1022 
1.723 1.759 1.813 
O17 O17 015 
-620 -549 
.028 


002 
102 


TABLE 11 


Additions and Subtractions 
(All Numbers x 1022) 


~~ $4 — 
+ + 


015 
083... 036 


057 


010 


359 089 070.281 
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N, 
Nu 
Ne 
Nar 
115 .128 .133 092 095 
Nias 005 010 .009 003 001 
Ning OTT 075 092 086 061 
Nee 005 .009 .050 043 .056 054 
Ni. 001 001 001 001 001 
Nie 068 OTT .100 124 .166 
N, 161 -146 114 137 122 
Nea .158 164 555 423 326 336 
N, 004 .003 .002 004 004 004 
7.869 8.042 8.068 7.896 7.999 7.788 
+ + + — 
Si ewe 054 ... 
Al 034 ... O75 009 ... 044 
Fe*2 005 ... 002 ... 043 003... 
Mn ... 008 ... 002 
Vals. O11 .013 
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In table 12 the ion volumes have been listed, as obtained 
by multiplying the number of atoms with the corresponding 
ionic volume (table 9). Summation of the ion volumes gives a 
measure of the packing of the rock comparable with the packing 


ion volume x 10 


index concept ( - ) introduced by Fairbairn 


volume rock — 
(1943). When comparing packing percentages with packing 
indices given by Fairbairn, it should be noted that different 
values are used for ionic volumes. This is especially significant 
in the case of oxygen (11.48 as against 9.64 cubic A). Again 
no regular trend can be discerned in the packing variation of 
the six rocks. 
TABLE 12 
Ion Volumes in 1 cc. Rock 


1 2 3 4 


| 
| 


495 .506 cc 527 cc 529 cc 546 cc 

005 005 005 006 006 006 
000 .000 000 000 000 
O04 004 004 .003 003 
001 001 000 000 O01 OOO 
002 002 002 002 002 O02 
000 000 000 
001 001 001 001 001 001 
000 .000 002 002 002 002 
000 000 .000 000 000 
.003 .003 004 005 004 006 
O16 016 O14 O11 O14 O12 
O87 064 049 037 039 
000 000 000 000 


444445 


\ 
\ 
¥e 
Vv 


614 ce cc .623 cc .608 cc 616 ce .600 cc 
Packing (°%) 61.4 62.6 62.3 60.8 61.6 60.0 


CALCULATIONS BASED ON A “UNIT CELL’”’ OF 160 0 ATOMS 


Barth (1948) introduced a new method of calculation based 
on no less than three premises: (1) that in metasomatic 
processes the volume remains constant, (2) that the number of 
oxygen atoms also remains constant, and (3) that rocks general- 
ly contain 100 cations to 160 oxygen atoms. Thus the analyses 
are recalculated to a unit cell of 160 O atoms, for which 
Barth uses the total available oxygen. The results of these 
calculations for the six Stavanger rocks are shown in table 13, 
while pairs of rocks are compared in table 14. 


| 
5 6 
“ee eee ee 
si eee 
coer 
al 
+2 
fe” 
+2 
a 
~ 
| 
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TABLE 13 
Analyses Recalculated to 160 O Unit Cell 


12 14 


112.07 112.38 108.15 104.74 101.95 102.74 


As shown in the last table, the total charge of the ions 
added roughly equals that of the subtracted ions; thus electro- 
static equilibrium is maintained during metasomatism. The same 
approximate balance of valences may be observed in the addi- 
tion and subtraction of atoms when comparing their numbers 
in 1 ce. rock (table 11). Comparison of tables 5, 11, and 14 
shows discrepancies in the addition or subtraction of Sit** 
and H*?, 

TaBLe 14 
Additions and Subtractions 


3.19 62 
O1 


5.87 10.10 3.86 5.27 5.60 3.70 
16.78 16.82 11.94 11.90 7.65 6.80 


491 
1 2 3 4 5 6 

51.57 50.72 53.59 55.98 57.04 58.00 

; ee 65 65 53 55 AT 40 
ERS 20.84 21.49 19.28 17.20 17.27 16.32 
ee 1.34 1.60 88 97 1.50 91 

a ere 3.63 3.97 4.13 4.31 2.90 3.08 
31 05 27 jl 04 

2.44 2.32 3.18 2.93 2.69 1.98 

15 29 1.57 1.35 1.78 1.76 
04 04 03 04 

2.16 2.39 3.09 3.96 3.44 5.37 

5.06 4.86 4.54 3.62 4.32 3.96 

aa ere 23.90 23.63 17.25 13.45 10.26 10.88 

12 jl 06 

125 — 2-3 — 34 45 — — 5-6 - 

+ - + - + - + - + - 

Al 28 ... 2.08 — 

Vals. 4.20 4.16 6.86 
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Inspection of table 10 shows that Barth’s second premise 
is not correct when taken in conjunction with the first; con- 
stant volume does not necessarily mean a constant number of 
oxygen atoms. On these and other grounds the Barth method of 
calculation has been criticized severely by Rosenqvist (1949) 
and Brajnikov (1949). 


Goldschmidt (1928) has emphasized the role of oxygen in 
rocks; the lithosphere is essentially an “oxysphere.” Bragg 
(1937, p. 31) states that “oxygen is the prominent union in 
most minerals. It is so large that the packing together of the 
ions in the structures is mainly a packing of oxygen ions, with 
the metallic cations in the interstices.” Read (1948, p. 180) 
suggests that in metasomatic processes such as metamorphism 
and granitization “the large oxygen atoms of the silicate lattice 
remain more or less in position whilst the small migrating 
atoms drift through.” It is on these authoritative statements 
that Barth bases his assertion that the volume of a rock is 
essentially the volume of the oxygen atoms in the rock, and 
that therefore constant volume means a constant number of 
oxygen atoms. This argument ignores the fact that a consider- 


able proportion of any mineral or rock consists of empty space, 
and that due to different ionic packing, the proportion of 
empty space is likely to vary from one mineral to another, or 
from one rock to another. 


The present writer, while recognizing the predominant role 
played by oxygen in silicate structures, is not convinced that 
oxygen remains at a constant level during metasomatism. The 
large size of the oxygen ion does not provide a valid argument, 
because the potash ion is nearly as large and yet potash ap- 
parently migrates with great ease. In the rearrangement of the 
(Si, Al)O, tetrahedra, resulting in the formation of new miner- 
als, oxygen is liberated or introduced, presumably combining in 
or produced from OH~ ions present in the ubiquitous aqueous 
fluid phase. Much mineralogical evidence points toward the high 
stability of the (Si, Al)O, tetrahedral structure and the high 
energy barrier to be overcome in destroying this structure. 
Apparently even in magmas SiO, tetrahedra are present. It 
appears therefore more logical to assume that the (Si, Al)O, 
building blocks of the silicate structure are merely rearranged 
to a different pattern and remain at an approximately constant 
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number in metasomatism, than that the number of oxygen atoms 
remains constant. 

An illustration of this view is provided by the coronas de- 
veloped in metamorphosed rocks consisting of magnesian olivine 
and calcic plagioclase only. Magnesian orthopyroxene generally 
occurs as the first rim around olivine crystals and is formed 
at the expense of that mineral. The orthodox equation for the 
reaction is 


(Mg,Fe) SiO, + Si0,>2 (Mg,Fe)SiO,. 


The source of the silica required for this reaction is a 
mystery in the present case. Shand (1945) has also expressed 
dissatisfaction with current equations explaining the formation 
of coronas. In the opinion of the present writer the formation 
of orthopyroxene from olivine results in this case from a 
rearrangement of the independent tetrahedra sharing no oxygen 
in olivine, to a pattern consisting of chains of tetrahedra, each 
sharing two oxygen atoms, in orthopyroxene. Together with 
this rearrangement of the fundamental building blocks Mgt? 
and O-* migrated outwards, the oxygen combining in OH 
ions. SiO, tetrahedra were neither added nor subtracted in the 
process. If this is written at all in the form of a chemical equa- 
tion, some such representation as the following would seem 
to be preferable to the orthodox equation 


(Mg,Fe) + H,O>(Mg,Fe)SiO, + (Mg,Fe) +? 
+ 20H—. 


CONSTANT VOLUME IN METAMORPHISM AND GRANITIZATION 


The law of equal volume has dominated petrological thought 
concerning metasomatic processes for a considerable length of 
time. It is based on such observations as the perfect preserva- 
tion of fossils in metamorphic minerals (Bucher, 1953) and 
the pseudomorphous replacement of one mineral by another, 
both without sign of cracks or open spaces to indicate volume 
changes. A good case can therefore be made for constant 
volume relations in detail, but it remains uncertain whether its 
extension to rocks showing evidence of regional metamorphism 
and granitization is fully justified. 

Acceptance of constant volume relations has led to accept- 
ance of external rather than internal forces to explain the 


494 Arie Poldervaart—Petrological Calculations 


intricate foldings so commonly observed in metamorphic ter- 
rains. Thus the remarkable thinning of highly metamorphosed 
pelitic beds is attributed to tight squeezing, and the up-doming 
of migmatized sediments is ascribed to the upward pressures 
of ascending magmas which remain hidden from direct observa- 
tion. Whatever changes in volume did occur were the consequence 
of externally applied tension or compression, rather than the 
result of recrystallization and changes in composition within 
the rocks themselves. The logical conclusion is that regional 
metamorphism is the outcome of orogenesis by such external 
forces, rather than that the foldings observed in plutonic ter- 
rains result from metamorphism, an interesting viewpoint 
advanced by Read (1952). 

Not all authorities have thus widely applied the law of 
equal volume. Van Hise (1904) assumed that metamorphism is 
normally attended by volume changes which can be calculated 
by the application of Lepsius’ volume law (mol. vol. = 


mol. weight ) 


. Irving (1911, pp. 664-665) argued that replace- 
sp. gr. 
ment is frequently accompanied by a decrease in volume, as 
shown by vugs in the new rock, but significantly states: “It 
is . . . impossible to calculate this change exactly from anal- 
yses, unless some one element has persisted unchanged in the 
process ... which does not often happen. Whatever the theoreti- 
cally calculated change, the observed facts show that in nearly 
all siliceous replacements and in the greater number of metallic 
replacements, there has been an appreciable and often marked 
decrease in the volume of the rock.” More recently Eskola 
(1948) suggested that granitization of sediments causes an 
increase in volume whereby the rocks are arched up in mantled 
gneiss domes. Perrin (1950) employed the calculation methods 
of Brajnikov (1949) and Barth (1948) in an attempt to 
determine volume changes resulting from granitization proc- 
esses, using analyses given by Grout (1937) and Anderson 
(1937) as examples. Those favoring volume changes in meta- 
morphic and granitization metasomatism are distinctly in the 
minority today, and are by no means agreed that a volume 
increase or decrease is the outcome of such processes. 

The volume of a rock really incorporates several variable 
components, the most significant of which are: (1) the ion 


in Metasomatic Processes 495 


volumes, (2) the theoretical empty space resulting from ideal 
packing of the ions in different minerals, (3) the disorder 
empty space, and (4) the pore space which also includes the 
minute capillary and sub-capillary openings normally not meas- 
ured in porosity determinations. Metasomatism resulting from 
regional metamorphism means essentially the invasion of a rock 
by an active, aqueous fluid of low viscosity, consequent to a 
rise in temperature level. This fluid must gain access to every 
part of the rock, hence it is reasorable to suppose that a large 
number of openings were available in the rock at the time of 
replacement. Many of these minute cracks probably were healed 
at a later stage in a similar fashion as the cracks in quartz 
from Washington (D. C.) were healed, leaving trails of fluid 
inclusions as only evidence of their erstwhile existence (Tuttle, 
1949). Metasomatism probably is attended by an initial in- 
crease in both pore space and disorder empty space, which may 
be augmented by an increase, or offset by a decrease in ion 
volume and theoretical empty space. The assumption that 
throughout the process increases of some of the volume com- 
ponents are always exactly balanced by decreases in the other 
components, so that the bulk volume remains the same, is scarce- 
ly to be credited. 

It appears impossible to calculate with accuracy the actual 
change in volume which might occur upon the metasomatic 
transformation of any given rock. On the basis of constant 
oxygen or constant number of (Si,Al)O, tetrahedra we may 
calculate apparent volume changes, but the results are repres- 
entative of only two of the four volume components, and com- 
pletely ignore volume changes resulting from differences in 
disorder empty space and pore space. It is also likely that 
during lengthy processes such as metamorphism, metasomatism, 
or granitization, there are several changes in volume which may 
in part counteract one another. Field studies may indicate such 
changes in volume, and the present writer attaches much greater 
significance to properly presented field evidence of volume 
changes than to hypothetical volume changes calculated, by 
whatever method, from chemical analyses. However, rigid adher- 
ence to the law of equal volume inevitably results in translation 
of the field evidence in terms of externally applied forces. Even 
when an unbiased attitude is preserved, field relations may yield 
apparently conflicting results. For instance, an initial decrease 
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in volume may be followed by a later increase in volume, or vice 
versa, during the same metamorphic cycle. Yet the writer believes 
that the problem of volume changes during metamorphism is 
probably attacked best by detailed studies of field relations. 
Evidence from orogenic belts of alternating periods of compres- 
sion and tension might perhaps be interpreted as due to volume 
changes resulting from metamorphism and granitization. 


CALCULATIONS BASED ON A CONSTANT NUMBER OF (SI,AL)0, 
TETRAHEDRA 


Modern mineralogical and petrological theory evokes a pic- 
ture in which changes in composition of rocks and changes 
of one mineral to another are the result of a rearrangement 
in the configuration of the fundamental building blocks of 
(Si,Al)O, tetrahedra, accompanied by removal, substitution, 
or introduction of the interstitial cations. The most probable 
conclusion is that in these changes the number of (Si,A1)O, 
tetrahedra remains the same, although there may be partial 
substitution of Sit* by Al*® in the tetrahedra. The problem 
is therefore to find a method which allows for the calculation 
of the approximate number of tetrahedra in a rock. If the 
mode and chemical analyses of the constituent minerals are 
available in addition to the chemical analysis of the rock, 
Sit*-Al*® substitution and the number of (Si,Al)O, tetrahedra 
can be calculated with accuracy. In the absence of chemical 
analyses of the constituent minerals, the geologic literature 
can be consulted for reliable mineral analyses from comparable 
rocks, in order to determine Sit*-Al*® substitution. If, as in 
the present case, the modes of the rocks are also lacking, a 
less accurate method of calculation must be used. In the 
C.L.P.W. calculation of the norm, the alkalies and calc-alkalies, 
after allotment for certain minor constituents, are used up in 
the formation of feldspars, the excess alumina, if any, being 
assumed to exist as corundum. A similar procedure is followed 
in table 15, based on the atomic proportions listed in table 8. 
Part of the Ca is allotted for apatite in the ratio P : Ca = 
2 : 3, while the remaining (Ca+Ba) is allotted for anorthite 
in the ratio (Ca+Ba) : Al = 1 : 2. The combined alkalies 
are allotted for albite and orthoclase in the ratio (Na+K) : Al 
= 1: 1. Aluminum used for feldspar is assumed to represent 
the total aluminum substituting for silicon in tetrahedral posi- 
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tion, the remaining aluminum being interstitial to the tetrahedra. 
Thus the proportion of (Si,Al)O, tetrahedra is represented 
by the atomic proportion of total Si plus Al used in feldspar. 
From this proportion the number of tetrahedra in 1 cc. of 
rock is found by multiplying with the conversion factor X 
(table 10). Table 16 lists the number of atoms, assuming a 
constant number of (Si,Al)O, tetrahedra of 2.180 x 10**, the 
number found for the highest grade of the series.° Table 17 
shows additions and subtractions of atoms obtained by compar- 
ing pairs of rocks of table 16. As may be expected, table 17 
differs materially from table 11. Weights may again be calcu- 
lated from the number of atoms listed in table 17, by multiply- 
ing with the weight of the corresponding atom (table 9). 

Several significant features of the changes of composition 
in the six rocks can be deduced from table 16. First, it is clear 
that there is a general tendency toward decrease in oxygen; 
total oxygen, oxygen not bound in OH, as well as oxygen 
bound in OH~'. This means that in this rock series there is 
an increase in the number of oxygen atoms shared between 
(Si,Al)O, tetrahedra. Second, the number of silicon atoms 
decreases in the rock series, in spite of the number of (Si,Al)O, 
tetrahedra being kept constant, and in spite of the fact that 
the percentage silica of the original analyses shows a marked 
increase. The decrease in silicon at constant number of tetra- 
hedra is explained by the progressive increase in Si**-Al** 
substitution. There is a progressive decrease in total aluminum, 
compounded of an increase in the number of Al atoms substitut- 
ing for Si in the tetrahedral structure, and a decrease in the 
number of Al atoms in 6-coordination. Third, the number of 
cations interstitial to the (Si,Al)O, tetrahedra shows a pro- 
gressive decrease in the rock series. The fact that there is a 
progressive decrease in both total oxygen and in the number of 
interstitial cations explains why there should be an increase in 
the percentage of silica in the original analyses, although the 
number of silicon atoms decreases. The rocks have been relative- 
ly enriched in silica, yet silicon atoms were not added but 
removed in the process. 

We may recalculate the analyses also to a hypothetical unit 
cell consisting of a certain number of (Si,Al)O, tetrahedra. 


5It is purely a matter of choice to which number of (Si, Al)O, tetra- 
bedra the data are recalculated. 
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This considerably simplifies the computations, but the results 
are again qualitative rather than quantitative, and may even 
be misleading. Barth (1948) used a similar procedure in his 
assumption of constant number of oxygen atoms, and chose 
a unit cell of 160 O atoms, with the further assumption that 
rocks generally contain 100 cations to 160 O atoms. It is 
easily calculated from table 10 that in the present case the 
number of oxygen atoms per 100 cations varies from 142 for 
analysis 2, to 157 for analysis 5. A unit cell of a certain 
number of (Si,Al)O, tetrahedra would be entirely artificial 
and would have no constant relation to the number of included 
cations or oxygen atoms. Hence the present writer cannot re- 
commend such a procedure. 

In replacement ore bodies (Si,Al)O, tetrahedra have evident- 
ly been removed. Similarly, in weathering the tetrahedral build- 
ing blocks of silicates may be partly broken down and removed. 
However, these processes are perhaps not the same as the 
metasomatic changes in chemical compositions of rocks which 
accompany metamorphism and_ granitization. Weathering 
proceeds at lower energy levels than apply to metamorphism 
and granitization. Moreover, rock-reconstitutions in metamor- 
phism are usually effected in response to a gradually rising 
energy level, while replacement ore bodies are believed to have 
been formed in an environment of slowly diminishing tempera- 
tures. The assumption of a constant number of (Si,Al)O, 
tetrahedra clearly cannot be applied to all metasomatic proc- 
esses, but it is thought to be valid when restricted to meta- 
morphism, granitization, and similar replacements of silicates 
by other silicates in the absence of actual melting. 

Metamorphism and granitization are here regarded as es- 
sentially the result of increasing temperatures. This is attended 
by an initial rapid increase in pore spaces, affording passages 
for invading, active fluids, the media of replacement. Changes 
of volume necessarily occur as the outcome of increase in pore 
space and disorder empty space, recrystallization, and ionic 
substitution, addition, or subtraction, but such changes can 
only be predicted qualitatively from field relations, and probably 
vary even during the different stages of the process. Volume 
changes result in the deformation of the rocks, rendered plastic 
by the existing higher temperatures and permeation by the 
aqueous fluids. Thus, the intricate foldings often observed in 
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metamorphic terrains are believed to be, at least in part, the 
outcome of these volume changes which in turn result from 
the rise in temperature. This last factor initiates metamorphism 
and granite formation. 


CONCLUSIONS 


Doubts are expressed in this paper that either constant 
volume relations or a constant number of oxygen atoms invari- 
ably prevail in regional metamorphism and granitization. These 
assumptions form the basis of all current methods of calculat- 
ing changes in bulk composition of rocks in their transforma- 
tion from one metamorphic grade or phase of granitization to 
another. Instead, it is suggested that the number of (Si,Al)O, 
tetrahedra remains constant in these processes, which are 
further marked by partial substitution of Si** by Alt’, rear- 
rangement of the tetrahedral building blocks of silicate struc- 
tures to different patterns, and substitution, introduction, or re- 
moval of the interstitial ions. A method is suggested whereby 
changes in bulk composition of rocks during these processes may 
be calculated. Volume changes which attended the transformation 
of the rocks may be calculated on the same basis, but the results 
are not believed to have much significance. 

In the writer’s view, metasomatic transformations of rocks as 
a result of regional metamorphism, are heralded by an increase 
in temperature and the soaking of the rocks by an active, 
aqueous fluid which permeates the rocks through passages 
opened at least partly in response to rising temperature. 
Changes in volume of the rocks may be responsible for their 
deformation, and in the case of granitized rocks, for their 
eventually assuming intrusive relations towards the associated 
rocks. Thus a great deal of the foldings exhibited by plutonic 
terrains may be the consequence of metamorphism and granitiza- 
tion, instead of their being the outcome of external forces which 
also resulted in metamorphism and granitization. 
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POSTGLACIAL FORESTS IN THE YUKON 
TERRITORY AND ALASKA* 


HENRY P. HANSEN 


ABSTRACT. Pollen analysis of peat sections from 74 sites of organic 
sedimentation in the Yukon Territory and Alaska reveals a record of the 
forests that have existed within range of pollen dispersal for all or most 
of the time since this region was freed of the last glacier. Sections along 
the Alaska Highway in the Yukon indicate that lodgepole pine (Pinus 
contorta latifolia) has been abundant during the time represented and 
predominant over spruce throughout most of the sections as far as mile- 
post 931, about 15 miles northwest of Whitehorse. The present range of 
lodgepole pine does not extend far beyond this point, indicating that its 
postglacial range has not differed significantly from its present range. 
The early appearance of pine pollen in these sections substantiates theories 
and evidence that pine persisted in unglaciated areas in west-central Yukon 
during the Wisconsin glacial age. 

From milepost 931 to the Yukon-Alaska border, and throughout interior 
Alaska, spruce has been the predominant forest tree, and in most sections 
it is recorded to nearly 100 per cent. In the Fairbanks and Anchorage 
regions white birch (Betula papyrifera vars.) is significantly represented, 
while aspen (Populus tremuloides), very abundant at present, is not re- 
presented in the sections because its pollen is poorly preserved. 

Climatic trends are not clearly expressed, although in the Yukon Terri- 
tory sections, the general increase of lodgepole from bottom to top suggests 
amelioration of climate in more recent time. Chronology is likewise in- 
definite. Radiocarbon dating of post-Wisconsin peat in the Anchorage area 
suggests an accumulation rate of 600 years per foot, which when applied 
to a section of this study near Anchorage, about 7 meters deep, indicates 
an age of more than 13,000 years. Another radiocarbon date for peat on 
the Kenai Peninsula indicates a depositional rate of about 800 years per 
foot which, when applied to the Anchorage section, denotes an age of 
over 18,000 years. The author believes that on the average the sections 
from interior Alaska and in the Yukon Territory represent an age up 
to 5000 years, while the deeper sections near the coast are somewhat older. 


INTRODUCTION 


URING the latter part of the summer of 1950, 75 peat 
sections were obtained from muskegs, bogs, swamps, and 
other sites of organic sedimentation in Alaska, the Yukon 
Territory, and British Columbia (fig. 1). The pollen profiles 
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and other data derived from these sedimentary columns present 
a general picture of the forests that have existed in this vast 
region since the last glaciation, as well as some indication of 
climatic trends during the period represented. The pollen 
record as interred in these sections with that of 65 others along 
the Alaska Highway in British Columbia and farther south in 
Alberta provides a tentative history of the postglacial forests 
and climatic trends for western Canada and Alaska. Although 
this record is based upon only 140 sections taken along the 
principal highways, the relatively small number of forest tree 
species and the rather consistent and homogeneous structure 
and composition of the forests should permit a fairly repre- 
sentative picture of most of the region as indicated by the 
pollen profiles. Also the results of this study so far have pre- 
sented to the author information and data which suggest how 
the problem should be continued on both more intensive and 
extensive scales. 

Because this is a preliminary study and covers as much of 
the region in a general way as possible under the time limita- 
tion, the collection of sedimentary columns has been confined 
to sites largely adjacent to the main highways. Secondary high- 
ways are few and often impassable after rain, which occurs 
all too often during the late summer. As more side roads are 
constructed, the author hopes to continue with the problem. 


LOCATION AND CHARACTERISTICS OF THE SEDIMENTATION SITES 


A transect of 36 sections was obtained along the Alaska 
Highway from the Yukon-British Columbia border to the 
Alaska-Yukon boundary, a distance of almost 600 miles (table 
1). Five of these columns were taken in British Columbia 
between mileposts 733 and 786 where the highway swings south 
of the Yukon border. Two more sections were obtained in the 
Yukon on the Haines Highway, which connects Haines Junc- 
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tion at milepost 1016 on the Alaska highway with Haines, 
Alaska, at the north end of Lynn Canal, a distance of about 
160 miles. Three other sections were procured along this high- 
way in British Columbia. 

Ten sections were obtained from muskegs along the Alaska 
Highway between the Yukon-Alaska border and Fairbanks, 
a distance of about 300 miles. Although the Alaska Highway 
technically goes only to Big Delta Junction at milepost 1420, 
it is now generally considered to extend all the way to Fair- 
banks. Actually, this latter segment is part of the original 
Richardson Highway that was constructed in 1920 from Fair- 
banks to Valdez, and it was the first highway from tidewater 
to the interior of Alaska. Two muskegs in the vicinity of Fair- 
banks also provide sections for this study. 

Eight sites of organic sedimentation along the Richardson 
Highway were sampled between Delta Junction and its junction 
with the Glenn Highway at milepost 116 from Valdez, a dis- 
tance of about 152 miles. Between Anchorage and the Richard- 
son Highway, 9 muskegs and swamps were sampled along 
the Palmer and Glenn Highways, a distance of about 190 miles. 
Four sections were procured along the Slana-Tok Highway, 
which connects Tok Junction at milepost 1318 on the Alaska 
Highway with the Richardson Highway about 129 miles north 
of Valdez. The Slana-Tok Highway covers a distance of about 
135 miles. The 75th column was taken from a muskeg in 
Alberta, about 75 miles north of Edmonton, and its pollen 
analytical data were included in a paper concerned with 10 
other sedimentary columns in the Grande Prairie-Lesser Slave 
Lake region of Alberta (Hansen, 1952). The highways traveled 
and the approximate location of the sedimentation sites are 
shown on the map (fig. 1), and their locations are listed in 
table 1. 

The pollen-bearing sections of this study were obtained from 
sites of several types of organic sediments. While the term 
“muskeg” has been applied to any swampy, marshy, boggy, or 
spongy area in the arctic and subarctic, as well as to tundra, 
there are several types of organic deposits formed under vary- 
ing conditions and processes in these regions. The typical and 
perhaps the most widespread and extensive kind of deposit in 
this vast region, designated as muskeg, is that formed on 
flat and poorly drained terrain, and which has been built up 
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largely by one or more species of Sphagnum and ericaceous 
shrubs. Sedges also may be associated with the moss and shrubs 
and consist mostly of cottongrass (Eriophorum spp.) and 
Carex. Forbs and grasses also may be abundant although their 
presence and the species depend upon the amount of moisture 
present. This type of vegetative cover was apparently developed 
in the absence of ponded water and without the initial stages 
of hydrarch succession. This has been possible in a semi-arid 
region by the growth of Sphagnum on the surface in the 
presence of a high water table held up by permafrost. The 
accumulating vegetal material served as insulation which pre- 
vented the permafrost or seasonal frost table from receding 
downward in summer. This raised the water table higher, and 
with the absorbent plant remains acting as a wick, favorable 
conditions were maintained for continued organic deposition. 
The absence of pollen or aquatic plants in the lowest sediments 
as well as in the underlying clay and silt lends credence to this 
view (Hansen, 1949a, 1950a). The writer has suggested that 
the southern limit of muskegs formed by this process may 
approximate the southern limits of permafrost developed during 
and after the last glaciation (Hansen, 1952). In fact, it seems 
hardly possible that muskeg development could have been initi- 
ated in a region with an annual precipitation of less than 15 
inches without the presence of permafrost except in lakes and 
ponds. Amelioration of the climate to a degree that would 
eliminate the permafrost also would possibly result in the extine- 
tion of many muskegs formed on flat terrain. Frozen substrata 
were noted farther south in muskeg than in inorganic sub- 
stratum along the Alaska Highway, although this may merely 
emphasize the insulative qualities of the vegetative cover. 
Shrubs commonly occurring on this type of muskeg include 
Ledum groenlandicum, L, palustre decumbens, Andromeda 
polifolia, Chamaedaphne calyculata, Kalmia_ polifolia, Vac- 
cinium oxycoccus, V. uliginosum, V. vitis-idaea minus, Empet- 
rum nigrum, Betula glandulosa, Rubus chamaemorus, and Salix 
spp. The most common tree is black spruce (Picea mariana). 
Tamarack (Larix laricina) was noted on bogs and muskegs 
as far as milepost 688 in the Yukon, and again in_ the 
Fairbanks region. An occasional lodgepole pine (Pinus contorta 
latifolia) was noted on muskegs in the Yukon, with an abun- 
dance observed on a muskeg at milepost 666. On some of the 
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TABLE 1 


Peat Sections from the Yukon Territory 


Miles from Total depth Depth of 
Dawson Creek, of section pollen profiles Characteristics 
B.C. in m. in m. of site 


634— W atson Lake 


647 5. 5.6 Lake; marly; pine, spruce, 
birch, aspen adjacent 
655 é 1.0 Sedge, ericads; pine, 
spruce adjacent 
664 %: 2.5 Sedge; pine, tamarack, 
spruce adjacent 
Muskeg; spruce, pine, 
tamarack, ericads 
Sedge bog; spruce, tama- 
rack on bog 
Muskeg; spruce, tamarack, 
pine on bog 
Sedge, ericads, juniper; 
pine, spruce adjacent 
Muskeg; spruce, ericads; 
pine adjacent 
Lake; sedge, ericads; pine, 
spruce adjacent 
Muskeg; spruce, ericads 


666 
651 
OSS 


699 


British Columbia f Muskeg; spruce, ericads 
Muskeg; burned 
Muskeg; spruce, ericads 


Muskeg; pine, spruce 
adjacent 

Lake; pine, spruce 
adjacent 

Lake; sedge; pine, spruce 
adjacent 

Sedge-sphagnum bog; pine 
adjacent 

Lake; sedge, sphagnum 


Yukon 


Sedge-sphagnum bog; pine, 
spruce adjacent 
Pond; sedge; pine, spruce 


Whitehorse 
Sedge-sphagnum bog 
Muskeg; ericads; spruce, 


pine adjacent 
Pond: sedge: sandy are 
ond; sedge; sandy area 


737 | 

‘ 

759 

770 3.5 3.5 

779 2.0 2.0 J 

796 1.0 0.8 

$40 1.7 1.6 

859 4.9 3.6 

872 5.5 44 

899 1.0 0.9 

918 

931 
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Peat 


TABLE 1 (cont.) 


Sections from the Yukon Territory 


~ Miles from 
Dawson Creek, 
B.C. 


986 
1009 
1013 


1016—Haines Jct. 
1037 
1045 
1102 
1128 
1164 
1170 
1189 
1192 
1200 


1221 


*Permafrost 


Peat Sections betw 


Miles from 
Haines, Alaska 


103 Yukon 


135 Yukon 


Total depth Depth of 
of section pollen profiles Characteristics 
in m. of site 


Sedge bog; spruce, aspen 
adjacent 

Sedge-hypnum bog; spruce, 
willow adjacent 

Pond; sedge; spruce, 
willow adjacent 


Lake; sedge; spruce 
adjacent 
Muskeg; spruce, ericads 


Muskeg; spruce, ericads 
Sedge; burned 

Sedge; spruce, ericads 
Muskeg; spruce, ericads 
Lake; spruce, ericads 


Lake; sedge, spruce, 
ericads 
Muskeg; spruce, ericads 


Muskeg; spruce, ericads 


TABLE 2 


een Haines Junction, Yukon, and Haines, Alaska 


Total depth Depth of 
of section pollen profiles Characteristics 
in m. of site 


Sphagnum; spruce, juniper 


Sedge-sphagnum; willow; 
above timberline 

Sedge-sphagnum; few 
spruce on hillsides 

Sedge-sphagnum; willow, 
spruce scattered 

0.1 Sedge-sphagnum; spruce 

adjacent 


511 
974—Champagne 
0.5 0.1 
1.0 0.4 
1.5 1.1 
0.7* 0.7 
0.7 0.7 
0.6 04 
0.7 0.6 
1.0 0.8 
0.52" 0.5 
0.5 0.4 
2.0 1.8 
0.52* 0.4 
0.52" 0.5 
72 B.C. 1.0 0. 
79 B.C. 0.7* 
84 B.C. 1.0 
0.52* 
0.5 
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Peat Sections along the Alaska Highway from Yukon Border 


to Fairbanks 


"Miles from Total depth Depth of 
Dawson Creek, of section pollen profiles Characteristics 
B.C. in m. of site 


04 Muskeg; ericads, spruce 
0.5 Muskeg; ericads, spruce 
Muskeg; ericads, spruce 
1299 a Muskeg; ericads, spruce 
1318—Tok Junction 
1336 Muskeg; spruce 
1353 uf Muskeg; spruce, ericads 
1387 0.9" ‘ Muskeg; spruce, ericads 
1390 0.6* Muskegs; ericads, spruce 
1420—Big Delta Junction 


0.5* . Muskeg; ericads, tamarack, 
spruce 
0.6" Muskeg; ericads, tamarack, 
spruce 
Fairbanks (near) 2.0* : Muskeg; ericads, spruce 


Fairbanks (near) 2.3 : Small pond; aquatics, 
sedge, willow 


*Permafrost at lowest level 


drier and better-drained muskegs fire may favor an invasion 
of paper birch (Betula papyrifera var.), reindeer moss (Cla- 
donia sp.), and hairy cap moss (Polytrichum sp.). Bunchberry 
(Cornus canadensis) also seems to be more abundant on burned 
muskegs. This type of muskeg becomes more shallow northward, 
and in the Tanana River valley; most of them sampled are 
about 0.5 meter deep (table 1). Farther south in British Colum- 
bia muskegs formed without evidence of an initial aquatic 
stage may be more than 5.0 meters deep (Hansen, 1949a, 1950a, 
1952). Permafrost or a seasonal frost residuum was encoun- 


1463 
1488 
1523 
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tered in all muskegs sampled between the Yukon-Alaska border 
and Fairbanks, and southward in the Yukon to milepost 1037. 
Frost also was noted in muskegs along the Alaska Highway 
in British Columbia (Hansen, 1950a). In muskegs with a frozen 
substratum it was found that a thicker section of organic sedi- 
ments could be obtained between the mounds than through 
them. The larger mounds, in which ice was encountered a foot 
or so from the surface, may be similar in structure and develop- 
ment to the “palsas” in Labrador described by Wenner (1947), 
in which almost pure ice occurs in large mounds covered with 
an insulating layer of Sphagnum. 

Another type of site from which sections were obtained is 
the “niggerhead” muskeg which is characterized by tussocks 
or hummocks of one or more species of cottongrass (KF riophorum 
spp.). The tussocks may be as high as 18 inches from the 
crown of the roots down to the substratum between the columns 
of cottongrass roots. Standing water may be present between 
the hummocks or other plants may grow on the damp sub- 
stratum between. Hypnum spp. frequently occurs between the 
hummocks, and bog birch and blueberry are also abundant on 
the “niggerhead” muskeg. The sediments in this type of muskeg 
were found to be shallow and silty, with little organic matter. 
Pollen analysis also reveals that little pollen is preserved in 
sediments accumulated under this type of vegetative cover. 

Many of the sedimentary columns were obtained from sites 
of hydrarch succession that were initiated in lakes, ponds, 
sloughs, or in valleys with poor drainage. In most cases open 
water is still present with well-defined concentric zones of vege- 
tation representing various stages of succession. Some support 
typical bog seres and culminate in Sphagnum-Ericad-black 
spruce cover. Many of them, however, apparently are progres- 
sing toward a sedge-willow-bog birch cover, especially in the 
Takhini Valley beyond Whitehorse and southeast of White 
horse in the drier, parkland areas. The lower sediments in these 
muskegs often consist of marly deposits indicating an abundant 
source of calcium carbonate in the early aquatic stages of suc- 
cession. Aquatic plants growing in some of these ponds are 
encrusted with calcium carbonate. The thickest organic sections 
were procured from bogs that have developed in ponded water, 
although in the lower levels pollen is often scarce. Permafrost 
was not found in sediments that accumulated in lakes, even in 
areas where it was encountered in the typical muskeg. 
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Peat Sections along the Richardson Highway from Big Delta 
Junction to Glenn Highway 


Total depth Depth of 
Miles from of section pollen profiles Characteristics 
Fairbanks in m. in m. of site 


119 6 0.5 Small pond; willow, birch, 
alder adjacent 
0.5 Moss, sedge, on slope 


0.5 Sedge, willow, sphagnum, 
bog birch 
0.5 Small lake; spruce, ericads 


13 Small lake; sedge 


0.7 Muskeg; ericads, bog 
birch, spruce 

0.8 Lake; muskeg, ericads, 
spruce, bog birch 


TABLE 5 


Peat Sections between Anchorage and Junction of Glenn and 
Richardson Highways 


Total depth Depth of 
Miles from of section pollen profiles Characteristics 
Anchorage in m. in m. of site 


Near city airport 0.6 0.5 Muskeg; spruce, bog 
birch, ericads, sundew, 
sphagnum 

Lake; floating stage, 
ericads, white birch, bog 
birch 

Muskeg; spruce, ericads 


Wet; spruce, ericads, bog 
birch 

Wet; spruce, ericads, bog 
birch, buckbean 

Muskeg; spruce, ericads 


Lake; ericads, sedges 


Leke; ericads, sedges, 
floating stage 

Muskeg; ericads, sedge, 
bog birch 


167 1.0 
192 1.0 
196 1.5 
210 
225 1.0 

28 4.5 2.6 

8S 3.0 2.7 

122 0.6 0.5 

141 0.5 0.5 
151 2.0 1.8 

158 3.9 3.0 
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TABLE 6 


Peat Sections along Slana-Tok Highway between Richardson 


Highway and Tok Junction 


Total depth Depth of 
Miles from of section pollen profiles Characteristics 
Tok Junction in m. in m. of site 


105 f 0.3 Lake; ericads, bog birch, 
willow 

Muskeg; spruce, ericads; 
dry 

Pond; limnic peat; 
Hypnum 

Pond; floating stage; 


95 
65 


36 


willow, alder, bog birch 


The three types of sedimentary sites described above repre- 
sent in general the source of most of the pollen-bearing sedi- 
ments of this study. Each site differs in physical and floristic 
detail according to the immediate physiographic and edaphic 
conditions and the drainage pattern, Inasmuch as the sediments 
are merely a means to an end, namely, the pollen record interred 
therein, further detail here is of little significance to the problem 
at hand. 

The thickest section, 6.9 meters, was obtained from a site 
adjacent to a lake about 15 miles inland from Anchorage. The 
typology reveals a typical hydrarch succession with the lowest 
horizons consisting of fine, colloidal, limnice sediments, grading 
upward into fibrous peat. The submerged and floating stages 
in the lake are somewhat similar to those in the Puget Lowland 
of western Washington (Hansen, 1947). No permafrost was 
encountered, and the section extends down to coarse, impene- 
trable gravel. In those muskegs where a frozen substratum was 
present, in most instances the frost table had receded downward 
during the summer to the inorganic sediments underlying the 
fibrous peat. In obtaining sections, the permafrost was pene- 
trated at least a decimeter or more. Little or no pollen was 
noted in those sediments that had been frozen, except in places 
where they included the lower part of the organic material. 

Five muskegs between milepost 1128 in the Yukon and 1270 
in Alaska were underlain with pumice, but the source is un- 
known. Strata of voleanic glass, indiscernible to the naked eye 
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but evident under the microscope, also occur in many of the 
sections along the Alaska Highway. Two of these ash horizons 
seem to be chronologically equivalent in the several sections 
in which they occur (figs. 2-7). One of these volcanic ash 
strata may have had its source in the St. Elias Range to the 
southwest. Capps (1916) assigned glass in the Fairbanks re- 
gion to this source and set the date of the eruption about 
1400 years ago. Volcanic glass has been noted by Heusser 
(1952) in bogs along the southeastern coast of Alaska. In 
the Sitka region, glass has been assigned to an eruption of 
Mt. Edgecombe 20 miles distant, and upon the basis of its 
stratigraphic position and the recorded forest succession has 
been dated at about 5500 years. Ash in the upper six inches 
of peat sections along the Alaska Highway in northeastern 
British Columbia has been ascribed to the eruption of Mt. 
Katmai in 1912, although Heusser finds no evidence of ash at- 
tributable to this source in the muskegs of southeastern Alaska. 
Kerr (1936) notes that postglacial volcanic activity occurred 
in mountains 50-60 miles east of Wrangell, possibly 100 years 
ago. Undoubtedly postglacial volcanic activity has occurred 
many times in the Coast Range of northern British Columbia 
and the mountains of Alaska, and it does not seem possible to 
assign the volcanic glass and pumice that occur in the sedimen- 
tary columns to any particular source. They may, however, 
serve as valuable chronological markers in correlating the re- 
corded forest succession from muskeg to muskeg and from one 
area to another, when they can be identified. 

The Alaska Highway has its southern terminus at Dawson 
Creek in eastern British Columbia about 12 miles from the 
Alberta-British Columbia border. It extends north and somewhat 
west through the rolling plains and the eastern Rocky Mountain 
foothills to Muskwa near Fort Nelson. It then turns almost 
due west and cuts through the Rocky Mountains and onto the 
Liard Plain (Bostock, 1948). The highway then follows up the 
Liard valley nearly to Watson Lake in the Yukon and continues 
westward across the Dease Plateau and the northern part of 
the Cassiar Mountains. On the Teslin Plateau it follows lake 
and river valleys to Whitehorse, the Takhini Valley and Shak- 
wak Valley northwestward almost to the Yukon-Alaska border. 

In the Yukon the Alaska Highway lies within the limits of 
Wisconsin glaciation, although it has not been determined to 
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what extent the Late-Wisconsin ice covered this region (Flint, 
1945, 1947; Denny, 1952). The last 25 miles before the Yukon- 
Alaska boundary, however, apparently were not covered by 
Wisconsin ice. Also less than 50 miles to the north of the high- 
way in the Yukon River drainage there is a vast unglaciated 
region extending nearly 200 miles eastward into the Yukon 
and reaching northward almost to the Arctic Ocean (fig. 1). 

The highway a short distance beyond the Yukon-Alaska 
border enters the Tanana River valley which it follows to 
Fairbanks. To the south of the Tanana River is the Alaska 
Range and to the north lies the interior plateau extending north- 
ward to the Brooks Range and drained by the Tanana and 
Yukon rivers. This area was not glaciated by Wisconsin ice 
because of low precipitation, and the poorly nurtured glaciers 
on the north slope of the Alaska Range were unable to flow 
out upon the plateau (Capps, 1931). Although the muskegs 
along the highway between the border and Fairbanks lie in 
an unglaciated region, their sites were undoubtedly modified by 
glacial meltwater from the Alaska Range which was carried 
westward by the Tanana River drainage. 

The Richardson Highway, south of Big Delta, cuts through 
the Alaska Range following along in valleys and on tablelands. 
The Glenn Highway follows westward from its junction with 
the Richardson between the Talkeetna Mountains to the north 
and the Chugach Mountains to the south. It then extends 
down the Matanuska Valley to Palmer, then the Knik River 
to tidewater and along the Knik Arm of Cook Inlet to Anchor- 
age. The Slana-Tok Highway follows through rugged country 
between the Wrangell and Mentasta Mountains and _ then 
emerges upon a flat terrace in the Tanana River valley for the 
last 25 miles to Tok Junction on the Alaska Highway. The 
muskegs and bogs along these highways that provide sedimen- 
tary columns for this study lie on sites that were glaciated 
by the Late Wisconsin ice and modified by meltwater during 
its recession. 


FORESTS ALONG THE ALASKA HIGHWAY IN THE YUKON 


The forests along the Alaska Highway in the Yukon Terri- 
tory are comprised of nine arboreal species. These are white 
spruce (Picea glauca), black spruce (P. mariana), alpine fir 
(Abies lasiocarpa) lodgepole pine (Pinus contorta latifolia), 
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tamarack ( Laria« laricina), aspen (Populus tremuloides), balsam 
poplar (P. tacamahacca), black cottonwood (P. trichocarpa), 
and paper birch ( Betula papyrifera vars.). Sitka spruce (Picea 
sitchensis) occurs sparingly in southwestern Yukon near the 
Haines Highway. Phytosociologically only two of these, white 
spruce and alpine fir, are considered to be permanent or climax 
species. The others owe their persistence to either immature 
succession or disturbance such as fire, cutting, landslides, new 
floodplain deposits, rabbit depredations, and other disrupting 
factors. Fire, of course, has been by far the most significant 
and important factor in the persistence of the nonclimax species. 
It is evident that most of the area along the highway has 
burned recently or not far in the past. There is every stage 
of succession in evidence, resulting from the complete destruc- 
tion of the forest over many square miles to partial destruction 
and small burns. Lodgepole and aspen have benefited most from 
fire, while white birch and the poplars may be favored under 
certain conditions. Tamarack is confined to muskegs and is 
only locally abundant. Black spruce is also chiefly a muskeg 
dweller, but the vast extent of the muskeg in this region and 
its lower susceptibility to fire than the upland forest permit 
this species to persist indefinitely in the absence of competition. 
Under the present climate and drainage it seems that the 
muskegs are permanent and black spruce may be considered 
as a physiographic climax. White spruce prefers the better- 
drained slopes and uplands, although it also thrives on flood- 
plains where the soil is light. The poplars also occur on 
floodplains and sand bars where they may form almost pure 
stands. An understory of white spruce in the older stands, 
however, indicates the eventual replacement of the poplars. 
Paper birch is not abundant and rarely forms anything resem- 
bling pure stands. It often invades the drier muskegs after they 
have been burned, but it is most common on well-drained slopes 
where fire has occurred in the past; its relation to other species 


is not clear. Alpine fir is not common adjacent to the highway, 
but it occurs on the upper slopes and becomes the dominant 
tree at timberline at about 4000 feet (Halliday, 1937). 

Of the nine arboreal species in the Yukon, lodgepole pine 
and alpine fir are Cordilleran in range. Lodgepole has a vast 
range, extending from Lower California to central Yukon and 
from the Pacific Coast eastward to the east slope of the Rocky 
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Mountains. In Canada it ranges eastward in Alberta to Smith 
and Edmonton and it also occurs as an outlier in the Cariboo 
Mountains south of Great Slave Lake (Raup, 1935). Alpine 
fir also extends eastward to central Alberta (Halliday and 
Brown, 1943). White and black spruce, balsam poplar, and 
tamarack are species of the boreal forest that extends in a 
broad band from the Gulf of St. Lawrence northwestward across 
Canada to Alaska, with the first three extending southward in 
the Rocky Mountains. Two other species of the boreal forest, 
jack pine (P. banksiana) and balsam fir (A. balsamea) range 
westward to north central Alberta, the former overlapping the 
range of lodgepole pine for 200 miles or more (Moss, 1949). 
Paper birch is also more or less coextensive with the spruces, 
but it breaks up into several varieties in the northwestern ter- 
ritories and Alaska. It is reasonable to assume that any species 
with as great a range as lodgepole pine must consist of a large 
number of biotypes, which is responsible for its wide ecologic 
amplitude. 


The first species observed to drop out northward along the 
Alaska Highway is tamarack which was last noted in a muskeg 
at milepost 688, although it may extend farther at points 


remote from the highway. The only other arboreal species to 
reach the end of its range along the highway is lodgepole, which 
was last noted about 25 miles beyond Whitehorse at milepost 
945. It is reported to occur as far northwest as Kluane Lake. 
The only portion of the Alaska Highway between Watson Lake 
and the Alaska-Yukon border that does not normally support 
forests is in the Takhini-Dezadeash valleys west of Whitehorse 
for a distance of about 100 miles. Here the soil is light and 
in some places sandy, with dune areas in the vicinity of Cham- 
pagne. The vegetation has a natural parkland appearance, with 
scattered stands of white spruce, aspen, willow, and open grassy 
areas with an abundance of forbs. In the Kluane Lake region 
and westward almost to the Alaska border the forest consists 
almost entirely of white spruce, although black spruce was 
again noted in the White River valley and is also common in 
the Tanana River valley in Alaska. 

In general, it can be said that the principal forest mixture 
or type along the Alaska Highway in the Yukon is white spruce, 
lodgepole pine, and aspen. Between Watson Lake and White- 
horse, pine forms vast pure stands on the lighter soils and in 
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other areas where fire has been frequent. White spruce usually 
predominates on the heavier clayey soils in well-drained up- 
land areas, while black spruce usually occupies muskeg on the 
valley floors, although it may also occur in upland communities 
of white spruce and pine, especially on northern exposures. It 
appears that aspen is a fire species that prospers after several 
frequently recurring fires that first kill the spruce and/or 
pine and then their reproduction. Aspen, growing faster and 
sprouting by means of root suckers, thrives until it is replaced 
first by pine and then by spruce if the fireless interim is suf- 
ficiently long. 


FORESTS OF ALASKA 


Alaska has an area of 586,400 square miles, and its vegeta- 
tion may be broadly classified as coastal forests, interior forests, 
and treeless tundra and grassland. The coastal forests of south- 
eastern Alaska cover about 10 per cent, the lightly timbered 
interior forests about 60 per cent, and the nontimbered tundra 
perhaps 30 per cent (Heintzelman, 1951). These figures are 
merely estimates and differ from those of other observers of the 
region. Within each of these formations there are many 
localized types because of physiography, soil, climate, and fire. 

The coastal forests of southeastern Alaska, from which there 
are no peat sections for this study, represent an extension of 
the coastal forests of Oregon, Washington, and British Colum- 
bia. These are comprised of Sitka spruce (Picea sitchensis), 
western hemlock (T'suga heterophylla), western red cedar 
(Thuja plicata), lodgepole pine, and silver fir ( Abies amabilis). 
In addition, at higher elevations and under favorable conditions 
at sea level such species as Alaska cedar (Chamaecyparis noot- 
katensis), mountain hemlock (7. mertensiana), and alpine fir 
are present. The northernmost extension of the Coast Forest 
reaches Cook Inlet, with Sitka spruce ranging slightly farther 
north than western hemlock and Alaska cedar. Silver fir (A. 
amabilis) occurs at the southern end of the Alaskan coastal 
forest (Taylor, 1950; Munns, 1938). Broadleaf arboreal species 
in southeastern Alaska are paper birch (Betula papyrifera 
vars.), red alder ( Alnus rubra), thinleaf alder (A. tenuifolia), 
Stika alder (A. sinuata), Douglas maple (Acer Douglasii), and 
northern black cottonwood (Populus trichocarpa). Several 
species of willows of tree stature are also present. 
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Since 1750 the valley glaciers in southeastern Alaska have 
been receding (Lawrence, 1950), affording deglaciated terrain 
open for invasion by the vegetation of the region. The general 
trend of succession seems to be initial invasion by alder and 
willow, and cottonwood, followed by Sitka spruce which largely 
replaces the less tolerant broadleaf species, with finally a climax 
of western hemlock and Sitka spruce. Lodgepole seems to be 
restricted largely to muskegs, while Alaska cedar also occurs 
in such habitats in addition to its occurrence at timberline with 
alpine fir and mountain hemlock. Pollen analysis of peat sec- 
tions from southeastern Alaska has been carried out by Heusser 
(1952), and the results pertinent to this study will be discussed 
later. 

The interior forests of Alaska are composed of a limited 
number of arboreal species. These are white and black spruce, 
paper birch, aspen, balsam poplar, tamarack, and alpine fir. 
Although maps by Harlow and Harrar (1941) and Munns 
(1938) show the range of lodgepole as extending into eastern 
Alaska from the Yukon, Taylor (1950) states that this species 
does not enter Alaska from the Yukon, and extends northward 
along the coast to the head of Lynn Canal at Skagway and 
Glacier Bay. No lodgepole was noted in interior Alaska along 
the highways, although this, of course, does not preclude its 
existence in remote areas. Alpine fir likewise is of rare occur- 
rence in interior Alaska but it was noted occasionally along the 
Slana-Tok Highway between Sinona and Mentasta at higher 
elevations. 

It is generally conceded by botanists, and others who have 
made observations of the forests in this region, that white spruce 
is to be considered as the climatic climax dominant, and that 
in the absence of fire, disease, animal depredations, and other 
disturbances for several centuries, the upland stands of timber 
would consist largely of white spruce. This, unfortunately, has 
not been the case, and it is estimated that during the past half 
century the average area burned annually has been at least 
1,000,000 acres and so not more than 20 per cent of the original 
white spruce forest remains (Lutz, 1951). The criteria for 
considering white spruce as the climax species or as the culmina- 
tion of successional development on the uplands are the facts 
that it attains greater age than the other boreal species with 
which it is associated, it is more tolerant of shade, it is less 
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subject to disease and decay at an early age, it more readily 
germinates and develops on organic substratum, and it grows 
more rapidly than its associates on the well-drained, upland 
soils. Severe fires in white spruce stands usually result in its 
total destruction and succession begins anew with subclimax 
species. The composition of the new young forest depends upon 
the species that survive in proximity to the burn. Birch, aspen, 
and balsam poplar are the usual invaders, although the relative 
success of these species depends upon the physiographic and 
edaphic factors. If the organic material in the soil is destroyed, 
aspen will be favored; whereas if the litter and duff have 
not been destroyed spruce and birch, if seed is available, will 
invade and successfully compete with aspen during this early 
stage. Undisturbed succession, however, will culminate in white 
spruce and birch, and if continued for a century or more pure 
spruce will obtain. The muskegs and other poorly drained 
areas support essentially pure stands of black spruce. Tama- 
rack occurs with black spruce in the valleys of the Tanana, 
lower Yukon, upper Kuskokwim, and upper Koyukuk rivers. 
Along the Alaska Highway it first was noted near Big Delta 
Junction. While black spruce is a seral species of the latter 
stages of hydrarch succession on muskegs and bogs farther 
south, it may be considered as a physiographic climax in interior 
Alaska, because of its evident permanence. Black spruce readily 
reproduces vegetatively by layering. The permanency of black 
spruce is further assured by the absence of fire on the wet 
muskegs, whence seed is provided for the adjacent burned 
areas. Thus black spruce has been gradually invading uplands 
following fire in white spruce. Once established in these areas 
it has the advantage of serotinous cones, which remain closed 
and are retained for several years on the trees. Following fire 
the cones are opened and the seeds dispersed in great quantities 
so that a black spruce stand may often regenerate to black 
spruce. This process is similar to that of lodgepole in the 
Rocky Mountains and Douglas fir in parts of the Pacific North- 
west which are maintained through frequently recurring fires. 
Repeated severe burning may cause reversion from black spruce 
to earlier stages consisting of alder, dwarf birch, and willow. 

One of the important basic factors in forest distribution and 
composition in interior Alaska as well as in the Yukon is 
permafrost. The interaction between permafrost, slope, expo- 
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sure, soil texture and fire plays a critical role in determining 
the vegetative cover. Destruction of the litter and duff may 
also lower the permafrost table, permitting trees with deeper 
root systems to thrive. Elimination of the organic material in 
the soil and lowering of the permafrost table may also lower 
the water table and the drier conditions may encourage less 
mesophytic species. Aspen is particularly favored under these 
conditions because it prefers a mineral soil for germination, 
deep and well-drained light soils, and south slopes where it 
simulates the climax situation. Absence of white spruce in the 
understory may indicate that the permafrost table is several 
feet below the surface and the soil too dry (Stoeckler, 1949). 
The ability of aspen to sprout from roots after a fire also 
favors its persistence even under less favorable conditions. 

Balsam poplar prefers deep, moist, light soils and occurs 
chiefly on newly formed floodplains and river bars, although 
it also invades the uplands where mineral soil is exposed. It 
has a deeper root system than white spruce and its presence 
indicates a permafrost table several feet below the surface. 
Birch germinates best on mineral soil, but it can grow under 
a wide range of moisture conditions. It has a shallow root 
system but prefers deeper soil than does white spruce. Although 
it invades burned areas with spruce, it is much less tolerant 
and in time is replaced by spruce. 

The mosaic of forest types in the interior of Alaska is not 
well understood, but it seems obvious that the thermal regime 
of the soil as influenced by slope, exposure, drainage, depth 
and structure of soil, and fire in relation to the ecological re- 
quirements of the trees is one of the more significant controlling 
factors. 

POSTGLACIAL FORESTS 


In considering the postglacial forests as portrayed by the 
pollen record for the time represented by the pollen-bearing 
columns, the usual sources of error inherent in pollen analysis 
should be kept in mind, Perhaps the most significant in the 
region of this study is the evident failure of aspen and cotton- 
wood pollen grains to be preserved in the sediments. These 
species, especially the former, have undoubtedly been important 
in forest succession, particularly in relation to fire. Although 
it seems evident that fire has been far more extensive and de- 
structive during the past half century than perhaps during the 
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Fig. 2. Pollen diagrams from along the Alaska Highway in the Yukon 
Territory from milepost 647 to 666. 
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Pollen diagrams from along the Alaska Highway in the Yukon 
Territory from milepost 681 to 707. 


rest of postglacial or even Pleistocene time, fires started by 
early man and lightning probably have favored the persistence 
of aspen in abundance for many millennia. The absence of aspen 
pollen in the sediments, therefore, causes the picture of post- 
glacial forests to be incomplete and also results in the over- 
representation of those species that are recorded. Thus most 
of the pollen profiles from Alaska, especially in the interior, 
reveal nearly 100 per cent of spruce. Although these pollen 
profiles may seem to be of no significance, they reveal whether 
or not certain species such as lodgepole pine and alpine fir ever 
have existed in interior Alaska during the Postglacial. 
Lodgepole is recorded as having been important in post- 
glacial forest succession northwestward to milepost 931 in the 
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Fig. 4. Pollen diagrams from along the Alaska Highway in the Yukon 
Territory from milepost 716 to 759. 
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Yukon. This section is located about 15 miles within the north- 
western limits of lodgepole as noted along the highway. Lodge- 
pole is also appreciably represented in sections along the Haines 
Highway, the pollen of which undoubtedly was carried east- 
ward from the coastal area of southeastern Alaska. The record 
of lodgepole does not become progressively weaker northwest- 
ward toward the end of its range as one might expect. Rather 
it is strongly represented in the section at milepost 931, beyond 
which it abruptly ceases to be recorded appreciably in any 
part of the column (figs. 2-6). In the first 22 sections along 
the highway there are two general patterns of lodgepole-spruce 
relationships exhibited. The more common is a general increase 
of lodgepole from low proportions at the bottom to 60 per cent 
or more, and in some cases to 80 per cent, in the middle third 
of the profile and maintenance of this preponderance to the top 
(figs. 2, 4, 5). In two instances lodgepole supersedes spruce 
at the bottom and then declines before it attains its strong 
predominance in the upper half or two-thirds (fig. 2). This 
deviation may represent an earlier stage not recorded in the 
other sections as it is expressed in only two of the deeper 
sections, 5.6 and 4.0 meters at mileposts 647 and 666 respec- 
tively. Another section, 4.0 meters, at milepost 872 exhibits an 
increase of pine to 90 per cent or more in the upper third 
(fig. 6). The other pattern reveals lodgepole as strongly pre- 
dominant throughout the column, with proportions of mostly 
75 per cent or more from bottom to top. The profiles of spruce 
are almost the exact converse of those of pine, except in those 
sections where grass is appreciably represented. Alpine fir is 
represented consistently but in low proportions throughout 
most of the sections. The maximum of this species is only 
10 per cent at milepost 872 (fig. 6). Spruce pollen profiles are 
based upon both black and white spruce, which reflect the 
influence of the forest on the muskeg and adjacent poorly 
drained areas. This is partially offset by the occurrence of 
black spruce in uplands where repeated conflagration has de- 
stroyed the white spruce forests so that seed source of this 
species is too far removed for its immediate reinvasion. The 
occurrence of black spruce on the muskeg may be compensated 
for by a limited amount of pine also thereon, and the latter’s 
greater pollen production. This is evinced by the overwhelming 
preponderance of lodgepole pine in most of the sections, espe- 
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Fig. 5. Pollen diagrams from along the Alaska Highway in the Yukon 
Territory from milepost 770 to 858. 
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Fig. 6. Pollen diagrams from along the Alaska Highway in the Yukon 
Territory from milepost 872 to 1037. 
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cially in the upper half. The average number of horizons of 
pine predominance in the sections to milepost 931 is much 
greater than that of spruce, and while the coarser and more 
fibrous nature of the peat in the upper levels probably repre- 
sents more rapid deposition, the average portion of the profiles 
denoting pine predominance suggests that it constitutes more 
than half of the time represented. The occurrence of two strata 
of volcanic glass within the period of pine predominance in 
most sections suggests synchronism of the pine record. 

Grass is well represented in the first four sections north- 
westward as far as milepost 666, and then it becomes sporadi- 
cally recorded in the next five sections to milepost 724 (figs. 
2, 3, 4). It is poorly but almost continuously represented in the 
next four sections to milepost 770, and then becomes absent 
except for an occasional pollen grain in the other sections of 
this study. The grass record is somewhat anomalous in that it 
is not represented in the sections obtained in the parkland 
areas west of Whitehorse where grasses are significantly abun- 
dant. While grass is strongly represented in the first four 
sections and indicates some environmental influence, the lack 
of a regional consistency does not permit a tenable interpreta- 
tion. Ordinarily grass proportions as high as 15 per cent 
suggest drying and/or warming in a forested region. The 
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muskegs from which the sections were obtained did not support 
grasses and most of them surrounded open water. The adjacent 
areas likewise do not support grasslands. Uplands remote from 
the site of the sediments were not observed, however, and grass 
pollen may have come from such areas. There does not seem 
to be any correlation of the grass profiles with those of pine 
and spruce, especially in relation to fire in recent time which 
has apparently favored pine and aspen. In fact, most profiles 
reveal absence or decline of grass in the upper levels. 
Sedimentary columns obtained from sites beyond milepost 931 
show an abrupt drop in the pine proportions to only a few per 
cent (figs. 6, 7). Pine is well represented in five sections taken 
between Haines Junction at milepost 1016 and Haines, Alaska. 
Three of the thicker sections reveal pine proportions ranging 
from 1 to 42 per cent, with an average of over 20 per cent 
(fig. 8). The forests at this elevation are sparse and no pine 
was noted, so its pollen must have been carried up and inland 
from the coastal forests. Western hemlock is also appreciably 
represented in these columns, which with the presence of some 
mountain hemlock pollen further indicates the effect of winds 
moving inland from the coast during the period of anthesis. 


Alpine fir, which becomes absent in the profiles at milepost 
1037, is sparingly represented in some of these sections. Some 
of the spruce pollen is undoubtedly Sitka spruce from the coast 
and the few scattered trees along the highway. 

Pollen profiles from 17 sedimentary columns along the Alaska 
Highway in northeastern British Columbia from Dawson Creek 
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to Watson Lake reveal trends of forest succession both similar 
to and different from those of this study (Hansen, 1950a). 
In six of these sections spruce is predominant throughout, and 
pine in only three. Similarity of trends is expressed by pine 
expansion in the upper levels to supersede spruce at the top 
in 10 columns. In general spruce has apparently been more 
abundant along the first 600 miles of the Alaska Highway in 
British Columbia than in the Yukon to milepost 1009. In a 
6.6-meter section at milepost 253, spruce is recorded to 80 per 
cent or more throughout its entire profile. Still farther south 
and east in the Grande Prairie-Lesser Slave Lake region, spruce 
and pine are more nearly equally represented in most of 11 
sections, although pine increases in the upper horizons to super- 
sede spruce in all of them (Hansen, 1952). Still farther south 
in the vicinity of Edmonton and near the southern limits of 
spruce and pine in central Alberta, pollen profiles from seven 
muskegs show pine predominance at the bottom in six of the 
sections and throughout generally (Hansen, 1949a). An in- 
crease in pine at the top in six of the profiles is consistent 
with its record in most sections to milepost 931, suggesting 
the influence of fire since the advent of white man, perhaps 
further favored by a drier climate during the past 200 years. 
West of Edmonton and nearer the Rocky Mountains a similar 
pattern for pine is shown in three out of four profiles (Hansen, 
1949b). In general, spruce becomes more consistently pre- 
dominant in the lowest pollen-bearing level progressively north- 
westward and persists in preponderance longer, but in more 
recent time lodgepole pine has expanded over the region rep- 
resented in the pollen profiles because of more favorable condi- 
tions in the past few centuries. Why its record should so abrupt- 
ly become absent beyond milepost 931 is difficult to explain 
unless this transition zone also constitutes the southern limits 
of permafrost which is slowly moving northward in response 
to a warming climate. 

The forests as recorded in sections taken between the Yukon 
border and Fairbanks become more and more preponderantly 
spruce, so there is no need for profiles to be illustrated. A 
few pine pollen grains occur sporadically in sections as far as 
milepost 1390, about 135 miles south of Fairbanks. Two sec- 
tions near Fairbanks and the first two south of this city contain 
a considerable amount of alder and birch pollen in the upper 
horizons while birch is also well represented near the bottom. 
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Much of the birch pollen is probably from paper birch on 
uplands while some is from bog birch on the muskeg. Dwarf 
birch may also be represented as this species is common on 
oft-burned areas where the arboreal cover has been entirely 
depleted. Volcanic glass occurs in the upper two decimeters of 
sediments, and another layer is also present near the bottom 
in most of these sections. 


In the four sections procured along the Slana-Tok Highway 
southwest of Tok Junction, spruce is recorded to practically 
100 per cent throughout the pollen-bearing strata. Only two 
pollen grains of pine and one of fir were noted. The thickest 
section, 3.0 meters, which was taken from the border of a pond 
in a deep depression, reveals pollen only to 1.6 meters, while 
the sediments down to 2.5 meters consist of colloidal limnic 
peat of largely organic matter. The absence of tree pollen sug- 
gests that forests did not exist in the region when these sedi- 
ments were laid down. The adjacent hillsides support some 
birch, and yet very little birch pollen was noted. In all sections 
voleanic glass occurs in the upper two decimeters and again 
near the bottom, as in sections along the Alaska Highway 
between the Yukon border and Fairbanks. 


Sedimentary columns taken from eight sites along the Rich- 
ardson Highway south of Big Delta Junction to the Glenn 
Highway reveal that spruce is recorded to 100 per cent through- 
out their pollen-bearing strata. A single pine pollen grain was 
observed in the uppermost level of a section taken about 19 
miles south of Delta Junction. Two sections taken in this area 
show an abundance of alder and birch pollen throughout and 
some willow and sedge pollen at a few of the horizons. That 
much of the adjacent area is covered with alder and dwarf 
birch explains the source of the pollen. A section taken from 
a willow-sedge muskeg on Isabella Pass, at an elevation of 
about 3200 feet, has little pollen throughout the silty sediments 
but spruce is recorded to 100 per cent at all levels. In the 
other sections, the last of which was taken about 122 miles 
south of Big Delta Junction, the few pollen grains of mountain 
hemlock noted probably were carried inland from the coast. 
In most columns along the Richardson Highway the lower sedi- 
ments are composed largely of silt, and there is little or no 
pollen present in the lowest 2-4 decimeters so as to suggest the 
absence of forests in adjacent areas when they were deposited. 
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Nine sections along the Palmer-Glenn Highway, a distance 
of about 190 miles, reveal a preponderance of spruce in those 
from higher elevations inland, while in those situated in the 
lowlands within 30 miles of Anchorage birch is strongly repre- 
sented (fig. 9). The presence of paper birch on the adjacent 
slopes accounts for the abundance of its pollen in the upper 
levels, and it can be presumed that birch has been an important 
component of these forests during most of the time represented 
by the sediments. In the thickest section of this study, 6.9 
meters, about 15 miles east of Anchorage, birch shows a stronger 
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Fig. 9. Pollen diagrams from along the Palmer-Glenn Highway, Alaska. 
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average representation than does spruce. Although organic 
limnic peat extends almost to the bottom, little or no tree pollen 
is present below 5.2 meters, so as to suggest that forests did 
not invade the region for some time after the initiation of the 
sediments. Birch is poorly represented at higher elevations in 
the Matanuska Valley and on the tableland between the Talkeet- 
na and Chugach mountains. The five sections between mile- 
posts 88 and 158 were taken from swampy lake margins at 
elevations of 2500 feet. Spruce is recorded to practically 100 
per cent in all of these columns, while occasional pollen grains 
of pine and mountain hemlock undoubtedly were carried inland 
from the coast. A 3.9-meter section at milepost 158 lacks 
tree pollen in the lower 0.9 meter, suggesting the absence of 
forests within range of pollen dispersal for some time after 
deposition had begun. 


POSTGLACIAL CHRONOLOGY AND CLIMATE 


The term “postglacial” is used rather loosely here in that 
it refers to the time since each sedimentary site was freed of 
ice and the pollen-bearing sediments began to accumulate. 
Obviously the time that sedimentation began must have varied 
from site to site, or at least in the several regions represented. 
Also the time when vegetation first appeared within range of 
pollen dispersal to each respective site may have varied con- 
siderably. Inasmuch as the glacial chronology of Alaska and 
of the Yukon Territory is poorly defined and there is evidence 
that neither all of Alaska nor the Yukon was glaciated during 
Wisconsin time, the usage of “postglacial” does not imply post- 
Mankato or post-Late Wisconsin as it usually does farther 
south in Canada and the United States. It seems probable, 
however, that the sections described in this study are composed 
of sediments that have accumulated since the glacial retreat late 
in the Wisconsin age. 

In general the depth of the muskegs developed under non- 
aquatic conditions decreases with an increase in latitude. This 
reflects the less favorable growing conditions for the principal 
peat-forming plants, caused by the shorter growing season. 
Terraces of stratified silt and sand 200 feet above the present 
level of the Tanana River indicate the height of the river 
during deglaciation, and peat sections obtained from sites at 
this or lower elevations are necessarily postglacial (Brooks, 
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1900). The vast unglaciated area of interior Alaska provides 
the possibility of continuous peat deposition since a time before 
retreat of the late Wisconsin glaciers in the Alaska Range 
to the south and the Brooks Range to the north. Inasmuch as 
muskeg grades into tundra northward and both types of vegeta- 
tive cover result in organic deposition, it is conceivable that 
on sites beyond and above the direct and indirect physiographic 
effects of glaciation on this interior plateau, peat deposition 
may have been initiated and continued regardless of glacial 
conditions in the mountain ranges. There is no reason to 
assume that the climate during the Wisconsin glaciation was 
necessarily more severe than it is today on the Arctic plain 
north of the Brooks Range which supports luxuriant tundra 
vegetation. The persistence of plants in unglaciated refugia in 
the Yukon and Alaska as pointed out by Hultén (1937) sup- 
ports this view. In fact, it has been suggested that the climate 
of Alaska was warmer than normal during the ice age and at 
no time colder than the present (Pauly, 1952). The abundance 
of vegetal remains, including trees, and strata of interglacial 
peat in the mucks and silts in the Fairbanks region, as well as 
in other parts of Alaska (Taber, 1943; Tuck, 1940), would 
indicate that with each glacial age the vegetation of interior 
Alaska and other ice-free areas in the Yukon, British Columbia, 
and Alberta was not entirely obliterated. It is hardly con- 
ceivable that during each interglacial age vegetation migrated 
from beyond the southern limits of glaciation on the continent 
all the way back to interior Alaska and west-central Yukon. 
The abundance of lodgepole pine pollen in the lowest levels of 
peat sections in northeastern British Columbia and western 
Alberta causes the author to believe that late during the Wis- 
consin glaciation there were ice-free areas that supported forests 
of lodgepole and spruce (Hansen, 1949a, 1949b, 1950a, 1952). 
The position of the “Altamont” (Mankato) moraine, 70 miles 
east of Edmonton, further supports this evidence (Bretz, 1943). 

The author does not presume, however, that any of the peat 
sections of this study antedate the beginning of the final reces- 
sion of the Late Wisconsin glacier in this region. As stated 
above, the sections from the Tanana River valley are too close 
to the river to believe that the terrain upon which they lie 
was undisturbed or not indirectly modified by late Wisconsin 
glaciation in the Alaska Range not far to the south (Capps, 
1931). The other sections were taken from sites that were either 
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overrun by ice and/or modified by meltwater. Many of the 
peat deposits have accumulated in standing water that was 
ponded by glaciofluvial processes resulting directly from de- 
glaciation. The author does believe, upon the basis of the evi- 
dence, that the ages of the pollen-bearing sections do differ 
considerably. It is interesting and significant that in sections 
along the Alaska Highway in the Yukon and Alaska the 
shallower muskegs contain forest tree pollen in the lowest 
horizons and even in the upper part of the inorganic silt, while 
in the deeper sections that have been formed in ponds and lakes, 
tree pollen is largely or entirely absent in the lower portions 
of the columns, although aquatic plant pollen may occur 
almost to the bottom. The two thickest sections in the Yukon, 
4.9 and 5.5 meters at mileposts 859 and 872 respectively, have 
more than a meter of the lowest portions devoid of tree pollen. 
Likewise, two sections along the Slana-Tok Highway, 3.0 and 
2.0 deep, reveal only 1.6 and 0.9 meters respectively of tree 
pollen-bearing sediments. The same is true along the Palmer- 
Glenn Highway east of Anchorage, where the thickest section 
of this study, 6.9 meters, contains arboreal pollen down only to 
5.2 meters, while a column 4.5 meters thick contains tree pollen 
only to the 2.6 meter horizon. The presence of nonarboreal 
pollen denotes that the accumulating sediments were receptive 
to and favorable for the preservation of pollen, while the 
absence of tree pollen suggests that forests were absent within 
range of pollen dispersal for some time after sedimentation 
began. Apparently conditions were favorable for the existence 
of plants in the region. Pollen from forests that may have 
existed in the unglaciated interior may have been prevented 
from reaching these sites because of prevailing westerly winds. 

In the typical muskeg the presence of ericad and spruce 
pollen down to the underlying inorganic material suggests that 
forests and other vegetation were in existence when organic 
deposition in these muskegs began. In a few muskegs on flat 
terrain without early aquatic stages, spruce pollen does not 
occur all the way to the bottom. This also denotes the absence 
of forests in adjacent areas unless winds prevented pollen from 
reaching the site of the sediments. The age then of the lowest 
pollen-bearing sediments is uncertain. 

Rate of peat deposition in this region must be exceedingly 
slow because of the rigorous climate and the short growing 
season. The thickness of the typical muskeg deposit increases 
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southeastward along the Alaska Highway and southward still 
farther to the vicinity of Edmonton, Alberta, which is the 
approximate limit in Alberta of what the author considers 
to be true muskeg (Hansen, 1949a, 1949b, 1950a, 1952). In 
the latter region the muskeg depth above the residual blue clay 
formed by gleization of waterlogged glacial drift averages 
about 3 meters as compared to the average of 0.5 meter depth 
of muskegs between the Yukon border and Fairbanks (table 1). 
The thickest section obtained from a muskeg along the Alaska 
Highway is 7.0 meters at milepost 253 south of Fort Nelson 
(Hansen, 1950a). It would seem that the rate of deposition 
under the conditions at this latitude is much slower than farther 
south where the climate is more favorable, although the relative 
ages of the muskegs in the two regions must be considered. 
Several yardsticks may be used in estimating the age of the 
peat sections of this study based upon data derived directly 
from peat in this region. Capps (1931) studied the relationships 
between the development of adventitious roots of spruce and 
progressive rise of the permafrost table in a living Sphagnum 
moss deposit resting on fresh till about eight miles beyond 
the terminum of Russell Glacier. This site is located in an 
exposure cut by the White River near the Yukon-Alaska border. 
Calculations based upon annual ring counts indicate that the 
peat has accumulated at a rate of one foot in 200 years, which 
when applied to the 39-foot thick deposit denotes an age of 
about 7800 years. This rate applied to the muskegs in the 
Tanana River valley would indicate an age of only a few 
hundred years. It is possible that the White River deposit 
represents optimum conditions for muskeg development, as it 
can be readily demonstrated that the rate of peat accumulation 
may vary as much as 9 to 1 in a single region (Hansen, 
1947). This rate applied to the thickest section of this study, 
15 miles east of Anchorage, would imply an age of about 4600 
years. While the White River peat site undoubtedly was covered 
by late Wisconsin ice, the cutting of a gorge 70 feet or more 
deep may have confined its meltwater to the gorge, thereby 
preventing disturbance of the peat site early in postglacial 
time, while in the Tanana River valley disturbance of the present 
muskeg sites by meltwater for a much longer time may be 
reflected in the shallower muskegs. A similar interpretation 
may be applied to the deeper sections of this study that have 
developed in valleys carrying meltwater from Wisconsin glaciers. 
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A second chronological yardstick available is the radiocarbon 
date of peat from the Anchorage area. A sample of peat from 
the lower foot of an 8-foot exposure at the north end of the 
Anchorage International Airport has been dated at about 5000 
years (Kulp, Feely, and Tryon, 1951). This figure implies 
an accumulation rate of more than 600 years per foot, which 
when applied to the thickest section of this study near Anchor- 
age denotes an age of more than 13,000 years. Another radio- 
carbon date of significance is that of about 3800 years for 
peat at a depth of five feet, near Boulder Point, Kenai Penin- 
sula (Kulp, et al., 1952). Peat accumulation here probably has 
occurred under climatic conditions somewhat similar to those 
in the Anchorage area. The rate of about 800 years per foot 
would indicate almost 18,000 years for the deep section near 
Anchorage. Climatic conditions for peat accumulation would 
seem to be more favorable today in the Anchorage region than 
in the interior, Further study of the White River peat exposure, 
including radiocarbon techniques and pollen analysis, would be 
extremely significant in that it would provide a valuable index 
for the chronology of postglacial time in Alaska and the Yukon. 
Another radiocarbon date of significance is that of 14,300 + 
600 years determined from lignitic peat exposed along the 
Eagle River north of Anchorage, which is believed to be over- 
lain by Late Wisconsin till, and appears to have been deposited 
during the Cary-Mankato interglacial. This figure and Capps’ 
computations suggest that the sites represented were deglaciated 
as early as or earlier than the northern Lake States as denoted 
by radiocarbon dates of peat and wood from that region 
(Flint and Deevey, 1951). It becomes very evident that a series 
of carbon-14 dates for Alaska peats is essential for better ap- 
proximation of their ages and application to the forest record 
in this region. Heusser (1952), in a pollen and stratigraphic 
study of 17 peat sections in southeastern Alaska from Ketchikan 
to Juneau, sets a date of about 8000 years for the older and 
deeper muskegs. These muskegs vary in depth from a few 
decimeters to 6 meters. 

There seems to be little or no evidence for climatic trends 
in the pollen profiles, except perhaps a general amelioration 
throughout the time represented. This is expressed by a rapid 
expansion of lodgepole to its maximum in many of the Yukon 
sections, although some of them reveal a preponderance of pine 
throughout. The thickness of the peat through which lodgepole 
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is predominantly recorded after attaining its maximum varies 
considerably. At milepost 647 it is recorded to 80 per cent or 
more in the upper 3 meters of a 5.6-meter section, while in 
other thick sections it is preponderantly recorded in only the 
upper few decimeters. This difference can be assumed to be 
caused by local fluctuations in the relative abundance of spruce 
and pine as well as a variation in the rate of peat deposition. 
The occurrence of two volcanic glass layers within the period 
of pine predominance, however, indicates general synchronism 
in the several profiles. In many sections a slight increase in 
pine in the upper decimeter or two may reflect the influence 
of fire since the advent of white man. It is not believed that 
the warmer and drier climate of the past 200 years as indicated 
by glacial retreat in southeastern Alaska and dated by dendro- 
chronological studies is reflected by this pine increase (Lawrence, 
1950). The upper decimeter of pine increase probably con- 
stitutes less than 200 years, while the total period of pine 
maximum is much greater than 200 years. The sections in 
Alaska do not manifest climatic trends and apparently the 
postglacial climate has not been sufficiently warm to favor mi- 
gration of pine into the interior. While the author believes that 
most of the deeper pollen-bearing sediments extend back to the 
postglacial thermal maximum so well shown elsewhere, there 
seems to be no evidence that the influence of this warm, dry 
interval extended this far north. The abundance of birch in 
the Anchorage region may reflect both fire and the absence of 
perennially frozen ground (Taber, 1943). 

The pollen assemblages of this study indicate that the present 
range of lodgepole pine does not differ significantly from that 
during any of the time represented by the pollen profiles. The 
presence of appreciable pine pollen in the lowest levels of the 
Yukon sections denotes that pine was prevalent in the region 
when the earliest pollen-bearing sediments were deposited, and 
that it probably persisted during the late Wisconsin glaciation 
in refugia not far removed from the sites of those sediments. 
It may have migrated northwestward from ice-free areas in 
western Alberta and/or northeastern British Columbia or from 
refugia in west-central Yukon. The former hypothesis is sup- 
ported by the lodgepole pine pollen record in muskegs in Alberta 
and British Columbia (Hansen, 1950a, 1952). The absence of 
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pine wood or other macroscopic remains of this species in the 
Pleistocene mucks and silts in the Fairbanks region suggests 
that it did not migrate into interior Alaska during Pleistocene 
time (Chaney and Mason, 1936). The occurrence of a few 
pine pollen grains observed in a preliminary study of these 
sediments by the author may mean merely the same as their 
occurrence in the postglacial sediments of this study, namely, 
that pine pollen was carried into the area from distant sites. 
The early postglacial appearance of lodgepole pine in coastal 
southeastern Alaska as expressed by Heusser’s studies may have 
resulted from its migration down the Stikine River valley from 
interior British Columbia, or over White Pass from the Bennett 
Lake area into the Lynn Canal drainage basin. A northward 
coastal migration of lodgepole from centers of its persistence 
south of the glacial border in Washington seems less probable. 
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AGE OF INTERTIDAL TREE STUMPS AT 
ROBINHOOD, MAINE 


W. H. BRADLEY * 


ABSTRACT. Well-preserved stumps of eastern white pine whose age 
has been determined by carbon 14 analysis to be about 4000 years old, 
were found between tides at Robinhood, Maine. The stumps are 3 to 5 
feet below mean high tide and indicate that when the trees lived mean 
high tide was probably 8 or 9 feet below its present level. These stumps 
and the peat beds at the Boston fish weir site, which are of comparable 
age, suggest a marked eustatic lowering of sea level immediately after 
the Climatic Optimum. 


HANGES of sea level are significant events in geologic 

history, and all means possible should be used to date 
them. In the summers of 1951 and 1952, while studying the 
microstratigraphy and sedimentation regimen of a large tidal 
flat on the Maine coast, I had an opportunity to observe, 
between high and low tide lines, the rooted stumps of trees 
in place. At one locality, about 13 miles southeast of Bath, 
I mapped their positions and collected specimens of wood from 
the largest stump. This wood has been identified by R. W. 
Brown of the U. S. Geological Survey as eastern white pine 
(Pinus strobus). Its age, determined by L. J. Kulp of Columbia 
University by carbon 14 analysis, is 4150 years + 200. 

The locality studied is on Georgetown Island near the village 
of Robinhood, situated on a long crooked arm of the sea that 
connects the Kennebec River with the Sheepscot River. North 
of Robinhood, across Riggs Cove, are two nearly circular hills, 
the Knubble and the Little Knubble. Near the center of a short, 
gravelly tombolo connecting these two hills, ancient trees grew 
on a site now 3.5 to 5 feet below mean high tide. The tombolo 
is of glacial origin and hence long antedates the trees (plate 1). 

The mean tida! range at this site is a little less than 10 
feet and, as a result of constriction of the channel between the 
Knubble and the Little Knubble, rather strong currents move 
across the tombolo, preventing sand and mud from accumulat- 
ing on the gravel and stumps. Miss Sayde Campbell, owner of 
the Knubbles, reported that these stumps were known to her 
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grandmother and that probably they have been exposed, much 
as they are today, for at least 75 years. 

That the trees grew here is clearly evident from the fact 
that many of the roots can be traced into the gravel. Some 
roots lace in and out of the gravel, not only between the stumps 
but for several yards beyond them. This is especially true west 
and north of the stumps. The roots are embedded in a black 
peat or soil that has worked its way down among the cobbles 
and fills hollows in the tombolo surface. Locally this black peaty 
material, which contains many small rectangular fragments of 
wood, is as much as a foot thick below the base of the lowest 
stump. All roots embedded in this material are soft and spongy, 
as though deeply decayed. Roots and stumps that rise above 
the peaty material, however, are quite sound and appear as 
though they could not have been there many years. Although 
thoroughly water-soaked, the wood chopped like perfectly 
sound wood and was obviously uniform to the bottom of the 
kerf, from which the samples were taken. The wood was bright 
turmeric yellow while wet and had a strong, disagreeable odor 
that could not be identified. After drying a few days in the 
sun, the wood lost both its yellow color and its bad odor. 

After the wood chips were dried, all surface material of the 
chips was cut away so as to minimize the danger of intrusion 
by younger organisms, which would reduce the age as deter- 
mined by carbon 14 analysis. None of the peaty material 
around the roots was collected for checking age determinations 
because of the high probability that both the grass (Spartina 
alterniflora) now growing close by and a variety of small 
marine animals had invaded the peaty material. 

At a few other places along the intertidal zone around the 
two Knubbles, smaller stumps and parts of trees were found 
that may be the age equivalents of the stumps and roots de- 
scribed. Each of these other trees, however, had peculiarities 
that make the reliability of this inference doubtful. On the 
other hand, in 1951 and again in 1952, fairly well-preserved 
stumps were observed, apparently in positions where they had 
grown, on Prouts Neck, a few miles southwest of Portland. 
These stumps project through the sand on a steep, narrow 
beach that extends along the east side of the Scarborough 
River inlet, close to Western Beach. As at the Robinhood local- 
ity, the stumps are only a few feet below the mean high tide 


I 


PLATE 


View eastward along the tombolo toward Little Knubble, showing stumps 


of trees in a tide pool. The approximate position of mean high tide is 


indicated by dashed line. 


| 
ope 
| = 
> 
: 


Age of Intertidal Tree Stumps at Robinhood, Maine 545 


line in an area where tidal scour prevents the accumulation of 
sand in quantity. 

Other drowned forests along the North Atlantic coast (Bay 
of Fundy, N. S.; Grand Pre, on an arm of the Bay of Fundy; 
Odiorne Point near Portsmouth, N. H.; and Provincetown, Cape 
Cod) have been known for many years. According to the 
description given by Lyon and Goldthwait (1934) the stumps 
at Odiorne Point and at Provincetown occupy about the same 
intertidal position as those at Robinhood, Maine. Possibly they 
are contemporaneous. 

The tree stumps at the Robinhood locality obviously grew 
when sea level was at least 7 feet lower than at present, for 
the base of the lowest stump is about 5 feet below the mean 
high tide line and rests on about a foot of peaty soil that 
contains many wood fragments. Much more likely, however, sea 
level was some 8 or 9 feet below its present mean. This is 
inferred from the habit of the white pine and other conifers 
that grow in dense stands along the coast today. Rarely are 
the bases of these living trees less than 2 or 3 feet above the 
mean high tide. 

In the speculation about former sea levels I have assumed 
that the changes were all eustatic and that they were caused 
by climatic changes, which either released water from the polar 
ice caps, which resulted in higher sea levels, or locked up water 
in expanding polar ice caps, which resulted in lowered sea 
levels. Thus presumably during the Climatic Optimum sea level 
was several feet higher than it is today. This assumption may 
be an unwarranted simplification, but it provides a simple, and 
not unreasonable, framework within which to state the signifi- 
cance of the Robinhood tree stumps. 

The ancient tree stumps at Robinhood indicate that about 
4000 years ago mean sea level was at least 7 to 9 feet lower 
than it is today. The Boston fish weir, whose age is somewhere 
between 3851 +390, and 5717 + 500 years old (Arnold and 
Libby, 1951, p. 113) suggests that sea level may have been as 
much as 29 feet below its present position (Johnson, 1942, p. 
161). If the Climatic Optimum occurred sometime between 
4000 and 8000 years ago, the Robinhood tree stumps and the 
Boston fish weir suggest that there may have been a significant 
glacial readvance at the end of the Climatic Optimum to account 
for a sizeable drop of sea level. 
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Presumably, the ancient trees at Robinhood were killed by 
the rise of sea level after this inferred cold interval because 
a discontinuous layer of peat (presumably all Spartina) 9 to 
12 inches thick apparently once covered, or surrounded, the tree 
stumps. This peat has been partly eroded by tidal scour or ice 
plucking, and its eroded edges are nearly vertical. Spartina 
now grows on most of its surface (plate 1). I infer that this 
irregular layer of peat grew when sea level was still low enough 
to prevent normal tides from overtopping the tombolo. Clearly 
this peat and its present growth of grass are today in a pre- 
carious position—one subject more to erosion than to growth 
and extension. 

Lyon and Goldthwait (1934, p. 611) suggest that the 
drowned stumps at Odiorne Point were “first buried by salt 
marsh and exposed in comparatively recent time.” 

My postulate that the Robinhood trees indicate a significant 
drop in sea level at the end of the Climatic Optimum is obvious- 
ly based on slender evidence—one point on the curve, one might 
say. Nevertheless, the material for the carbon 14 age deter- 
mination appears to be good and the evidence at the site rather 
simple and clear. I have not tried to relate my observations 
and speculation to possible regional movement of the coast 
following the ice age because I frankly do not know how to get 
hold of the problem. 

Perhaps these observations and my speculation will serve to 
encourage others to get more and better “points on the curve” 
to the end that we may someday gain a full understanding of 
that fascinating part of geologic history which must be so 
closely linked with man’s early history. 
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DISCUSSION 
FOSSIL COMMUNITIES AND ASSEMBLAGES 


With the merging of paleontology and ecology in the subject 
of paleoecology a confused terminology has arisen, partly 
ecological, partly paleontological. It is to be hoped that the 
proposed T'reatise on Marine Ecology and Paleoecology will 
rectify this confusion and establish a terminology acceptable 
to the majority of ecologists and paleontologists; a terminol- 
ogy, moreover, which will involve the use of a minimum of 
technical jargon. Boucot in this Jovurna (Vol. 251, January 
1953, p. 26) has suggested that “life assemblage” and “death 
assemblage” should be used as the paleontological equivalents 
of “biocoenosis” and “thanatocoenosis” respectively. While 
Boucot makes a welcome departure from the prevailing ten- 
dency to establish a jargon by latinizing or hellenizing short, 
understandable, English phrases, it is unfortunate that his 
terms are ambiguous. To avoid this ambiguity one would have 
to write of a “fossil life assemblage” and a “fossil death assem- 
blage,” the former seemingly paradoxical, the latter repetitive. 

Ecologists use “community” in the sense of an ecologically re- 
lated association of organisms, especially marine bottom ani- 
mals (see Jones, 1950). The term is of obvious application to 
paleoecology. A “fossil community” can be considered as an 
association of fossils ecologically related among themselves and 
to their containing deposit, while a “fossil assemblage” can be 
used, without ecological implications, of an association of fos- 
sils, as is normal practice. A “fossil assemblage” may consist 
of one or several fossil communities; it may be wholly com- 
posed of fossils ecologically foreign to the containing deposit ; 
or it may consist of a mixture of foreign and indigenous fossils. 

The term “thanatocoenosis” because of its varied usage is 
avoided (cf. Wasmund, 1926; Twenhofel, 1939, p. 154; Wells, 
1947, p. 119; Ellison, 1951, p. 214). It might perhaps be 
added that the study of fossil assemblages has been termed 
“paleothanatology” (Morishima, 1948, p. 111). 
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REVIEWS 


Probleme der Naturwissenschaften (Erldéutert am Begriff der 
Mineralart); by Paut Nieeut. Pp. xi, 240; 99 figs. Basel, 1949 
(Verlag Birkhauser, 18.50 Swiss francs).—This book presents 
a very interesting and authoritative review of modern methods of 
mineralogical investigation as well as the results of that science. 
Its meat is sandwiched between lengthy preliminary remarks of a 
philosophical nature and a brief general conclusion which again 
carries a philosophical flavor. The main contents of the book form 
a pleasing and judicious selection of materials which a philosopher 
ought to know; an account is given of crystal structure and crystal 
types, of the technical meaning of symmetry, of genotypes and 
phenotypes, and of the effects of substitutions on crystal structures. 
These parts are eminently worth serious attention, even by the 
general reader who may find some of the discussion difficult. 

The peripheral portions of the book cannot escape altogether 
the criticism of being unsystematic, even sometimes unprincipled 
tracts of philosophic writing. Here one finds rather indiscriminate 
references to many philosophers of different points of view with- 
out evidence of a unifying effort on the part of the author. The 
language is frequently difficult, as for instance, in the characteriza- 
tion of the two chief methods of scientific inquiry, which are ‘‘(a) 
die abstrakt-generalisierende oder atektonisch-imperative bzw. 
ursdchlich-erklarende, die andere (8) die vergleichend-systematische 
oder tektonisch-normative baw. urbildlich-erléuternde.”” Despite such 
faults the book has philosphical importance inasmuch as it contains 
a biographical statement of the points of view which a successful 
scientist has found significant in his own investigations. 

HENRY MARGENAU 
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Water: A Study of Its Properties, Its Constitution, Its Circula- 
tion on the Earth, and Its Utilization by Man; by Cyriz S. Fox. 
Pp. xxvii, 148; 4 figs., 25 plates. New York, 1952 (Philosophical 
Library, $8.75).—This little book is the introductory volume of 
a series of books which the Technical Press, Ltd., has in prepara- 
tion, or has already published, ‘to meet the current need for informa- 
tion on the various aspects of water supply.” The titles of some 
of the other volumes of the series are The Geology of Water Supply, 
Water Treatment, and Purification and Disposal of Sewage. Some 
of these volumes have already been published—for example, Sir 
Cyril's Geology of Water Supply. The author aims at filling a 
need that has long existed, namely, to treat of water as a subject 
for coordinated study, rather than as a part of some other discipline 
such as hydraulics, meteorology, engineering, or geology. 

Sir Cyril divides his book into a Preface, Foreword, and Introduc- 
tion—27 pages; Part 1, “The Natural History of Water,” with 
chapters on the constitution, distribution, and circulation of water— 
68 pages; Part 2, “The Work Done by Water,” with chapters on 
erosion, action of underground water, and deposition of sediments— 
53 pages; and Part 3, “The Utilization of Water,’ with chapters 
on general considerations, water supply, engineering, and conclud- 
ing remarks—21 pages. 

The photographs, 25 in number, are excellent and very well 
reproduced, but there are only 4 other illustrations. Much of the 
factual material would be found in any good textbook on physical 
geology, or in U. S. Geological Survey Bulletin 770, “Data of 
Geochemistry,” and it cannot be said that the book adds much 
to our knowledge of water. No new material is presented except 
the statements on the radioactive water in Bikini. 

Some of the statements made will be rather startling to geologists 
and engineers engaged in water-resources development or appraisal. 
For example, the assertion on page 128 that “Many irrigation 
engineers can estimate very closely the flow of a moderate-sized 
stream by a careful scrutiny’ would, if true, eliminate the need 
for a rather large and active program of stream gaging now being 
carried on by federal and state governments and by private enter- 
prise. Most hydraulic engineers would deny the ability to estimate 
stream discharge within 25 to 50 per cent. The further statement 
that ‘for these larger schemes accurate determinations are neces- 
sary, perhaps for two or three years to secure low and flood water 
discharges” suggests that the author’s experience is limited to areas 
where conditions of precipitation are much more uniform than any 
encountered in the United States, where a minimum of 10 to 20 
years of record are considered necessary for sound planning and 
design of water facilities. Another statement, “Among civil engineers 
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it is a common rule that rainfall is disposed of in equal propor- 
tions as runoff flow, loss of evaporation and loss by percolation,” 
is at variance with the findings of W. G. Hoyt and others, as 
reported in Water-Supply Paper 772, “Rainfall and Runoff.” 

One particularly serious fault in the book is the author’s tendency 
to draw sweeping generalizations on the basis of averages which 
he later demonstrates to be false. On page 37 Sir Cyril states, 
“It is computed that there is a temperature increase of 1°C. for 
every 100 ft. descent in depth. If this is uniform the temperature 
at a depth of 2,500 feet . . . is 25°C. plus the surface tempera- 
ture... . "’ But on page 96 he demonstrates that the data are 
meager and such data as are available rarely agree with the as- 
sumed average. 

The objective of this book is one with which the reviewer is in 
complete sympathy, and it is hoped that in spite of its shortcomings 
this particular volume will serve to stimulate others to “draw 
attention to the immense importance of the control and use of 
water by first understanding the practical aspects of the material 
itself.” A. NELSON SAYRE 


Numerical Mathematical Analysis, 2d ed.; by James B. Scar- 
BporouGH. Pp. xviii, 511; 51 figs. Baltimore, 1950 (The Johns 
Hopkins Press, $6.00).—The first edition of this book appeared 


in 1930. Since then the development of powerful rapid calculators 
has made possible numerical attacks upon problems that were 
formerly considered too laborious. This has stimulated a revival 
of interest in the processes of numerical mathematical analysis. 
The new edition reflects this recent development. As might be 
expected, the most significant changes are in chapters dealing 
with differential equations. The chapter on the numerical solution 
of ordinary differential equations is greatly expanded, and entirely 
new chapters on the numerical solution of partial differential equa- 
tions and of integral equations have been added. Thus the usefulness 
of the book has been increased. 

The clarity of the presentation is on a high level. It stresses the 
principles and processes involved, and evaluates the limitations of 
practical methods both by analytical treatment and numerical 
examples. The valuable comments that accompany many of these 
examples give ample evidence of the author’s insight and experience. 

DIRK BROUWER 


The Heavens Above. A Rationale of Astronomy; by J. B. 
Sinewick. American edition prepared by Warren K. Green. Pp. 
xv, 333; 56 figs., 20 plates, New York, 1950 (Oxford University 
Press, $4.00).—The more spectacular results of modern astronomi- 
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cal research have been accessible to the reading public through 
numerous popular books, some of which were among the bestsellers. 
The authors of these books have not always made it their duty 
to make clear the basic principles, the trains of reasoning, and 
the observations upon which this edifice was built. The purpose 
of this book is to furnish a systematic demonstration of the more 
complex facts of astronomy. 

In the first part of the book, Quantity—a geometric picture, the 
spatial arrangement of the astronomical bodies in the universe is 
presented. The logical process that leads to the determination of 
astronomical distances from the nearest neighbors of the earth 
to the most distant galaxies is presented with attention to the margin 
of uncertainty that affects the successive extrapolations. It is neces- 
sary occasionally to make use of principles and facts presented in 
the second part, Quality—the nature of things. This is done with 
little damage to the continuity of the presentation. 

The purpose that prompted the author to write this book is 
precisely the same as that of many elementary courses on the 
college level. For this reason the book is eminently suitable to 
serve as a textbook for such courses. Advantages over some standard 
texts are its refreshing style and its pleasing arrangement. 

Among the few less satisfactory parts of the book is the introduc- 
tion to spectroscopy. Too many details about energy levels and 
series of spectral lines are presented in too small a space on in- 
sufficient foundation. A simplification of this part would be an 
improvement. When dealing with planetary atmospheres, the notion 
that the giant planets have tremendously deep atmospheres is pre- 
sented as an established fact, while conclusive evidence to the 
contrary is now available. Over-cautiousness led the author to 
question whether the galactic star system is coextensive with the 
system of open clusters or with the system of globular clusters. 
This question has been definitely resolved in favor of the latter 
alternative. These imperfections do not seriously affect the otherwise 
excellent quality of the presentation. DIRK BROUWER 
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